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Item 13,  Abstract (Cont'd) 

The objectives of the study were accomplished.    New design analysis procedures 
for dual rail sleds and monorail sleds were developed.    However,  more experimental 
data is required to verify the accuracy of these procedures,  over the wide range of 
sled configurations and trajectories for which they are intended to be applicable. 
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ABSTRACT I 

ft 

The major objective: of this study was to establish improved 
design analysis procedures for the design of dual rail and monorail rocket 
sleds. The work included reviewing and evaluating past analytical studies 
of rocket sleds and experimental, test data for two dual rail and two mono- 
rail sleds. Studies were undertaken to identify the major sources of dy- 
namic excitation of rocket sleds. Three major sources of dynamic excita- 
tion were identified; rail roughness, unsteady aerodynamic forces and 
oscillating axial and lateral rocket thrust forces. Rail roughness was 
found to be the prime source of dynamic excitation during the coast portion 
of the rocket sled trajectory. During the thrust stage of the trajectory, 
and especially at burnout, oscillating axial and lateral thrust forces were 
found to produce sled dynamic loads which were the same order of magnitude 
as those produced by rail roughness. 

The analytical work performed in this study concentrated on 
predicting the dynamic response of sleds due to rail roughness. Acceptable 
correlation between analytical and test results were obtained during coac^. 
Lack of experimental data on unsteady aerodynamic forces and oscillating 
thrust forces precluded performing comprehensive analytical evaluation of 
these excitation sources. However, the magnitude of their effects *^re 
quantified and scale factors were established to account for their contri- 
bution to sled dynamic response during thrust and burnout. 

The objectives of the study were accomplished. New design 
analysis procedures for dual rail sleds and monorail sleds were developed. 
However, more experimental data is required to verify the accuracy of these 
procedures, over the wide range of sled configurations and trajectories for 
which they are intended to be applicable. 
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SECTION I 

INTRODUCTION AND SUMMARY 

1.1 Background 

The proper design of high speed dual rail and monorail sleds 
requires an understanding of the forces acting on the sled due to thrust,        j 
aerodynamics, braking and sled/track dynamic interaction. The quasi-steady* 
state thrust, aerodynamic and bracing forces are fairly well-known and can 
normally be calculated* However, determination of the dynamic transient 
forces is much more indefinite« The major sources of sled dynamic excita- 
tion are rail roughness, oscillating aerodynamics and oscillating axial and 
lateral thrust forces. Bach of these sources may induce large dynamic 
response of the sled« The problem is complicated by the gap between slip- 
pers and the rail which makes analytical methods nonlinear. 

Prior to the present work, the only accepted published design 
analysis methods for high speed dual and monorail sleds were contained 
within the ISTRACON Handbook (l). This handbook contains procedures for 
applying quasi-steady-state aerodynamic, thrust and braking force to sled 
designs and also X (g-load) factors. The X factors are intended to account 
for rail roughness induced dynamic behavior but are far from adequate and        3 
needed to be improved. For example, they do not account for the dynamic        * 
properties of the sled such as inertia, stiffness and damping. Furthermore, 
these accelerations are assumed to be constant over the sled length, and 
hence, do not account for variations in maximum accelerations encountered by 
the various components of the sled. Consequently, the calculated internal 
forces in the sled could be far from those actually experienced in test. 
Despite these shortcomings, there is one fact that cannot be denied. Over 
the years a great many sleds have been designed, built and successfully run 
on the Holloman test track. Evidently, the loads to which they were { 
designed were equal to or greater than those imposed by the environment. 
Nonetheless, it is important that the dynamic behavior of high speed sleds 
be better understood in order to improve the performance and reliability of 
future sleds, 

1.2 Purpose and Scope 

The purpose of this program was to evaluate current design anal- 
ysis practice for high speed sleds, and in light of available test data, to 
establish new procedures for a wide range of monorail and dual rail sled 
configurations. More specifically, the objectives were to: 

• Review prior analytical work and theories concerning the 
dynamic behavior of high speed sleds 

• Review available high speed sled test data for both mono- 
rail and dual rail sleds 
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• investigate the major theories concerning sled/track dynamic 
interaction and attempt to determine the importance of rail 
roughness, aerodynamic and thrust oscillating loads and 
aerodynamic feedback on transient dynamic response of rocket 
sleds 

• Evaluate the effects of sled parameters, such as mass, 
stiffness, geometry, etc., on the magnitude of dynamic sled 
forces 

• Determine if simplified analysis techniques for the design 
of rocket sleds could be obtained, and, if so, to establish 
these design/analysis procedures for a wide range of sled 
configurations 

1.3      Approach and Summary of Results 

To accomplish the program objectives the following major tasks 
were undertaken: 

m     Literature survey and review of existing sled test data 

• Development of nonlinear analytical methods for predicting 
dynamic response of rocket sleds and correlation of analyti- 
cal results and test data 

• Development of derign analysis procedures for dual rail and 
monorail sleds 

1.3.1     Literature Survey and Review of Existing Sled Tent ,.tta 

A review of the existing literature revealed three plausible 
theories as to why sleds experience large dynamic accelerations. In addi- 
tion, a fourth theory based on a review of test data was aided. The four 
theories are classified as follows: 

• Rail roughness 

• Unsteady aerodynamic forces 

• Aerodynamic feedback (aeroelasticity) 

• Oscillating axial and lateral thrust 

Rail Roughness 

Mixon (2) presents a rather extensive investigation of sled 
dynamic response to rail roughness for monorail sleds, and contributes sig- 
nificantly to an understanding of this phenomenon. No other source of 
dynamic excitation was considered. ^ixon predicted the vertical and lateral 
response of a sled to rail roughness using a nonlinear model. His sled 
model is a rigid body supported by massless linear springs and dampers. A 
rail roughness forcing function was introduced by modulating the nominal 
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Slipper gap with the rail displacement distance profile. Quasi-steady-state 
aerodynamic forces were also introduced. Fair correlation was obtained be- 
tween measured and predicted peak slipper forces in the vertical direction, 
although significant differences occurred in the lateral direction. How- 
ever, test data from only one monorail sled was examined (the instrumented 
monorail) and this sled did not have any on-board thrusting motore. The 
present investigation showed that on-board thrusting motors had a signifi- 
cant effect on the dynamic response of sleds, especially around burnout. 

Fisher, et al (3), and Oliver, et al (k),  also considered rail 
roughness as the only source of excitation for both dual and monorail sleds. 
However, both references deal only with soft suspension system in which the 
slipper gap is assumed to be unimportant. This assumption is fairly good 
for dual rail sleds which have natural frequencies in the 20 Hz range, but 
not monorail sleds whose frequencies are usually in the 150 to 250 Hz range. 
Moreover, our investigation of soft suspension dual rail sleds showed that 
the effects of oscillating aerodynamic forces in the transonic range and on- 
board thrusting motors produced the same order of magnitude dynamic loads as 
rail roughness. 

Unsteady Aerodynamic Forces 

The review of available sled test data was hindered by a lack of 
information on unsteady aerodynamic pressure forces. One theory is that 
they are caused by separated flow being shed by protrusions from the sled 
body or behind corners such as the cone-cylinder junctions. This type of 
excitation should be random except for perhaps a periodic disturbance to the 
flow, such as passing of rail supports. Hasse (5) points out that sound 
pressure measurements on top of the sled reveal such a perifidic disturbance. 

Another explanation is based on choking effects under the for- 
ward part of the sled. Some inferences were drawn about this mechanism 
during this study. A dual rail sled showed increased response levels as it 
accelerated through the transonic velocity range. The nature of the re- 
sponse strongly suggests that tue exciting force was acting at the forward 
end of the sled. Such response was not observed during deceleration through 
the same velocities nor was it observed at any time for monorail sleds. 

Assessment of the precise nature of unsteady aerodynamic excita- 
tion will require pressure measurements which have not yet been made. 

Aerodynamic Feedback (Aeroelasticity) 

Another possible source of excitation for which no experimental 
data are available is aerodynamic forces which depend on the s.^d's angle- 
of-attack and/or angular rate. Braun and Melkus (6) performed a study on a 
large sled where they included linear aerodynamics and gaps at the slippers. 
They obtained a limit cycle type behavior for all the studied combinations 
of parameters, although it is not clear what was driving the motion. De- 
spite a positive static margin (cp behind eg) and positive damping, both of 
which out to be stabilizing, the results showed unstable behavior. 
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Mclntyre's work (7) is a linear analysis leading to flutter 
envelopes depending on velocity and supporting spring characteristics. This 
approach probably is not useful for explaining the monorail data because 
there is no experimental evicence of the precipitous sort of response that 
characterizes flutter. 

Neither Mixon nor the present study considered aerodynamic feed- 
back in the analytical investigation. Yet, both studies achieved acceptable 
correlation during the coast phase of the trajectory. Thus, we believe that 
aerodynamic feedback is not an important phenomenon for high speed sleds, 
most likely because of the relatively small variations in angle-of-attack. 

Oscillating Axial and Lateral Thrust Loads 

The review of test data showed significantly higher slipper 
dynamic loads during thrust and at motor burnout than during the coast phase 
of the trajectory. Apparently, motor thrust loads are dynamically exciting 
the sled. To analytically predict this phenomenon would r€;quire experimen- 
tal data on the oscillating thrust characteristics of the on-board motors. 
Little of this type of data was available for the motors used on the test 
sleds. Therefore, it was not possible to fully assess this potential source 
of excitation. However, one liquid motor and the dynamic responses it 
caused were investigated to the point of thorough understanding. 

1.3»2     Development of Analytical Methods of Analysis 

Upon completion of the literature survey and review of test 
data, an analytical investigation of the dynamic behavior of sleds was 
undertaken. This study was primarily concerned with predicting the dynamic 
response of sleds to rail roughness and correlating these results with test 
data. It was felt that acceptable correlation cluring the coast phase of the 
trajectory could be obtained since unsteady aerodynamics and oscillating 
thrust loads are unimportant during coast. It was also felt that if accept- 
able correlation during coast could be obtained, the analytical methods 
could serve as a basis for establishing sled design procedures with scale 
factors to account for unsteady aerodynamics and oscillating thrust forces, 
since analytical models were not available for either mechanism. Analytical 
investigation of the latter two excitation sources required experimental 
data on the magnitude and nature of these sources; these data were not 
available. 

The analytical method developed under this task included a non- 
linear dynamic simulation computer program (SLEDYNE) which considers the 
flexibility of the sled and the gap between slipper and rail. This program 
calculates the dynamic behavior of the sled as it bounces along the rough 
rail. A deterministic approach is used with a randomly generated rail pro- 
file of the Holloman track. The latter is based upon a limited amount of 
measured track data. The results of this study did indeed show good corre- 
lation during the coast phase of the trajectory for both monorail and dual 
rail sleds. 



Upon completion of this study, simplified analysis techniques 
for high speed sleds were investigated. The results of this study led to 
the establishment of a design procedure for dual rail and monorail sleds 
which could be used in preliminary design. 

1.^.3     Development of Design Analysis Procedure for Dual Rail and 
Monorail Sleds 

The final task of the program was to develop design analysis 
procedures which could be used for a wide range of sled designs. $y neces- 
sity, the procedures established were to a large extent based upon esti- 
mates, assumptions and judgements. It is hoped that further experimental 
and analytical work will be performed to verify these proposed design anal- 
ysis procedures. The development design analysis methods separate the 
quasi-steady-stato loads from the dynamic loads. Dynamic loads are those 
inertia leads associated with bouncing and pitching in the vertical and 
lateral planes. The proposed dynamic analysis procedures depart signifi- 
cantly from current design procedures and taV.o into consideration many of 
the parameters (i.e., stiffness, inertia, geometry) which the current design 
procedures ignore (l). 

Preliminary and final design procedures are presented in Section 
6.0 of this report for both dual rail and monorail sleds. These procedures 
were developed by correlating analytical results with a limited amount of 
test results. Since the analytical effort of this study considered only 
rail roughness, it was necessary to adjust these results with scale factors 
to account for the other sources of dynamic excitation. The methods used 
involved matching analytical peak slipper force prediction with available 
test data. Only a small amount of test data was available for this study. 
The proposed procedures should be used with caution until more data are 
obtained, especially with sleds of unusual configuration or trajectories. 

It is hoped that the proposed design analysis procedures will 
provide a rational base which can be easily refined and expanded to new sled 
configurations and trajectories as more experimental and analytical work is 
performed. 
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SECTION II 

INTERPRETATION 05 SLED TEST DATA 

2.1 Background 

The plan at the outset of the study was to devote the early 
period to interpretati m and evaluation of the data, and then based on the 
results, to formulate the design criteria. Interpretation of the test track 
data proved to be a more elusive task than originally anticipated. This was 
due to two fundamental difficulties which plagued the work throughout this 
study: lack of information about the nature of the sources of excitation 
and limited data on the response of sleds to the sources. 

Interpretation of the test track data requires first that possi- 
ble sources of excitation be identified and then that response of sleds to 
those sources be characterized. This is necessary so that features such as 
point of onset in the trajectory, amplitude, frequency, and phase of re- 
sponse may be correlated between flight data and what would be expected from 
postulated excitation sources. The difficulties in character!*\ng the exci- 
tation sources were the following: 

• Rail roughness was considered the principal candidate as an 
excitation source. The available data consisted of MK) mea- 
surements made over a 400 foot section of one rail of the 
Holloman test track. These were measurements of the height 
of the center of the rail. There was no information on hor- 
izontal roughness, on roughness of the underside of the rail 
where almost all sleds are supported during tie; high veloc- 
ity phases of their runs, or of other section:-» ■  the track 
which may or may not have the same roughnesn i-aaracteristic, 

• Oscillating aerodynamic loads were considered another likely 
source of sled excitation. It is known that in the tran- 
sonic velocity range aerodynamic choking occurs under the 
forward p-rt of sleds. The pressure fields are high and 
unstable, ana the resulting oscillations could intuitively 
be expected to induce large dynamic loads. Buffeting could 
also be a significant source. There are, however, no direct 
data to establish either the existence or the magnitude of 
any aerodynamic forcing functions. 

• Large sleds, weighing over lp,000 or 20,000 pounds, exert 
high loads on the track bed. Loads of such magnitude, mov- 
ind down the track and oscillating, could reasonably be ex- 
pected to excite the "beam on an elastic foundation" type 
of response in the track bed. There is, however, no infor- 
mation on the dynamic characteristic of the track bed, only 
a static measurement indicating the foundation stiffness — 
nothing from which the crucial added mass term can be esti- 
mated. 
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•  It is known that high dynamic loads are experienced during 
engine ignition and burnout. It is likely that they are 
caused by engine transients, but there is little information 
which can be used to characterize amplitude or frequency 
content of thrust transients, either axial or lateral, for 
the variety of engines used at the track. 

The available test track data consist almost entirely of strain 
gage measurement taken from slipper support structure. For monorail sleds 
there are data on vertical and horizontal forces and for dual rail sleds, 
vertical forces only. During the performance of this study, time-history 
records of these data were available for two dual rail sleds and two mono- 
rail sleds. There was also some power spectral density information from two 
other dual rail sleds. 

Despite the lack of quantitative test data, there is one fact 
which cannot be ignored. Over the years a great many sleds have been de- 
signed, built, and operated on the Holloman test track. With rare excep- 
tions, they have survived the fnvironment and in many cases have been used 
numerous times. Evidently, the loads to which they have been designed have 
been greater than those imposed by the environment. 

In the following sections some observations are made, and cer- 
tain generalizations are postulated. It is recognised, of course, that gen- 
eralizations drawn from such extremely limited data will be suspect. It is 
hoped here not that the generalizations will be conclusive, but that the 
method of treating the deta will serve as a guideline for future observation 
of additional data, leading to better understanding of the phenomena. 

2.2 Dual Kail Sleds 

2.2.1 Single Mod Sled 

/ 

Time history test track data was analyzed for two runs of the 
Single Mod sled, 2J+X-C1 and 2UX-D1. The Single Mod sled at burnout weighs 
9^00 pounds and has a span of 20 feet between the slipper beams. On the Cl 
and Dl runs it pushed a 3>1^0 pound forebody to i860 fps, and a hQQO pound 
forebody to 176? fps, respectively. Its first two modes of vibration in the 
vertical plane have frequencies of 20.? cps and 27.6 cps. 

Engine Burnout 

Figure 2.1 shows the time history of slipper forces at engine 
burnout for the Dl Single Mod run. During the Dl, Dl and B*' (for which a 
small amount of data was available), the highest forces felt in the aft 
slipper beam were experienced at engine burnout. The highest fores observed 
on any of the three runs was seen on the rear port slipper in the Dl run. 
The dynamic half-amplitude reached 19,600 pounds at 8.1 seconds. 

The apparent natural frequency of several of the hi^h amplitude 
oscillations ha.i been indicated on Figure 2.1. The graph of Figure 2.2 
gives the ratio of apparent to natural frequency as a function of the peak 
force of oscillation. This factor accounts for the nonlinear gap effect 
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which lowers the apparent natural frequency. When the observed frequencies 
of several of the high amplitude cycles are adjusted by this correction 
factor, depending on the amplitude of the oscillation, the sled is found to 
be vibrating in its 20 cps first mode. 

An 8U dof finite element model was constructed for the Single 
Mod sled*  It was used for a frequency response analysis. Figure 2.3 shows 
the dynamic force in a single slipper resulting from a vertical 1,000 pound 
sinusoidal force acting at the engine mount of the Single Mod sled. It is 
seen that each aft slipper would feel k.6 times the force applied vertically 
at the engine mount. Hence, a few percent of the nominal 15,000 pound 
thrust acting vertically and in the frequency range 13 to 17 cps could be 
expected to cause a major portion of the loads observed. In fact, the AJ60 
engine used on the Single Mod sled is known to develop nozzle flow insta- 
bilities during engine shutdown and associated lateral forces with charac- 
teristic frequencies in this range. This was verified by telephone conver- 
sations with personnel at the Aerojet General Corporation in Sacramento. 

Aerodynamic Oscillating Loads 

It was observed f£om the test data of both the Cl and Dl Single 
Mod runs that dynamic amplification, especially in the forward slippers, 
occurred in the transonic speed range. Figure 2.k  shows the typical sample 
at U.O seconds in the Cl run where the velocity was 950 fps. The front 
port slipper experienced a peak dynamic load of over 15,000 lbs. The appar- 
ent frequency is 20.4 cps and it is observed that the forward and aft 
slipper beams are out of phase. The natural frequency, as calculated with 
the factor from Figure 2.2, is slightly over 26 cps. Figure 2.5 shows the 
results of a frequency analysis done on the same finite-element model de- 
scribed in the previous section. In this case, an oscillatory force was 
applied to the sled at the station of the forward slipper beam. Peak ampli- 
fication is for the forward slipper beam at 27.6 cps, and it shows that the 
forward and aft slippers are out of phase. The disparity in frequency 
between the flight and the analytical data may be attributed to the addi- 
tional weight of unburned propellant which was on-board at h  seconds. 

Loads During Coa^t 

Figure 2.6 shows a typical sairple of flight data from the Dl run 
after engine burnout. The velocity was about 1500 fps. Peak dynamic loads 
reach about 10,000 pounds for the aft slippers and 9,000 pounds for the for- 
ward slippers. No particular amplification Xs observed for either of the Cl 
or Dl sleds in the transonic region during deceleration. 

2.2.2     Gnu Sled (6208) 

The 6206 sled nicknamed Gnu is boosted to 900 fps and acceler- 
ates under its own power to 2,COO fps. It uses several JAV-1 engines and 
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weighs 3,180 pounds at burnout. It measures iho inches between slipper 
beams, and like the Single Mod sled, has a low eg, barely more than a foot 
above the rail head, 

Figure 2.7 shows what flight data are 'available. The numbers 
noted alongside the force history plots are values of dynamic half «»amplitude 
force in each slipper. Front slippers see peaks of about 5,100 pounds dur- 
ing engine burnout and 4,000 pounds during coast. Forces in the aft slipper 
are higher, with peaks going as high as 7,000 pounds during engine burnout 
and 5,100 pounds during coast.« Because there is an engine ignition occurr- 
ing during passage through the transonic regime, just before three seconds, 
no conclusion can be drawn about the effect of oscillating aerodynamic 
loads. 

2.2.3     Summary of Conclusions From Dual Bail Test Data 

From the foregoing observations, a few very tentative conclu- 
sions may be drawn. 

• Sources of excitation for dual rail sleds include at least 
osculating aerodynamics, engine transients, and rail rough- 
ness. For one sled with solid propellent motors (Gnu), 
engine termination loads were about kO& greater than the 
rail roughness 1 jads. For another sled with a liquid en- 
gine, engine termination loads were 100$ greater than rail 
roughness loads. 

• Lateral loads were not measured directly. For the Single 
Mod sled it was possible to observe the phase relationship 
between the forces in the two forward and in the two aft 
slippers. At no point was there a significant difference 
in those forces which would be necessary if there were large 
roll response of the sled. Of course, the sled eg is so low 
(36 inches) that even large lateral forces might not induce 
significant roll response. 

• More or less fortuitously, a parameter was found that tends 
toward a straight line correlation with test results. The 
Sled IMpact Parameter (SIMP) involves only mass and stiff- 
ness properties of the sled*-. In Figure 2.8a peak dynamic 
slipper beam loads are plotted against SIMP. Measured peak 
dynamic slipper forces have been doubled and are now called 
peak dynamic slipper beam forces. Peak values during coast 
are differentiated from absolute maxima measured during 
engine burnout or transonic. The ratio between peak dynamic 
and coast loads is the basis for amplification factors which 
have been established for design load predictions. This is 
discussed In Chapter 5.0. 

1, See Appendix III for discussion of SIMP. 
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A pair of points for the Weasel sled has been added to the 
data discussed previously in this section» No time history 
data for the Weasel were seen, but these two points were 
inferred from the Beta factor curve, Figure 29 of Reference 
(8). It is not certain that the points are from forward and 
aft slipper beams as assumed. 

• Later in the study, a further and more startling observation 
was made. Measured coast loads, i.e., peak slipper beam dy- 
namic forces measured during coast, and SLEDYNE results were 
plotted against slipper beam stiffness. Figure 2.8b shows 
that the data tend toward a straight line. This means that 
the dynamic response to rail roughness excitation tends to 
be of constant displacement, the values varying between .070 
inch and .130 inch. 

2.3      Monorail Sleds 

By comparison with dual rail sleds, monorail sleds are lighter, 
faster, traveling at least twice the speed, and perhaps most importantly 
from the structural dynamics viewpoint, a great deal stiff er. Whereas the 
slippers of dual rail sleds are in contact with the rails most of the time, 
monorail sleds spend most of their time flying in the gap. Contacts with 
the rail are brief and severe impacts. Painted track data indicated that 
they usually occur at the corners of the rail head. The implication is that 
while the monorail sled is bouncing it is also rolling from side zo side. 

Test data for the two monorail sleds described in this section 
were taken from a specially developed transducer instrumented with strain 
gages. The strain gages were installed so as to measure two v^tical 
forces, one on each side, lateral force and roll moment. The y  ocedure used 
is described in Section 2.0 of Reference (2). Installation of the trans- 
ducer in the monorail sled is Illustrated in Figure 2.9. 

2.3,1     Modular Monorail 

The Modular Monorail sled shown in Figure 2.10 weighs 6l6 pounds 
and meatmres 62.2 inches between its slippers. In the 53X-B2 test, the mod- 
ular monorail reached a velocity of 3500 fps. It was in that test that 
force data were taken from a transducer, similar to the one illustrated in 
the Figure of 2.9, mounted above the front slipper. Some of the results of 
the vertical force measurements are shown it Table I. Each value is a peak 
dynamic load (the quasi-steady load had been removed) experienced during the 
indicated tenth second interval. Several observations may be made: 

• There Is a great deal of scatter in the data. Even though 
the sled is covering approximately 300 feet in each .1 sec- 
ond interval, the peak forces vary by as much as 100 percent 
from one interval to the next. 

• With tdie motor on, loads are about ho percent higher than at 
the same velocity with motor off (coast). 
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Table I 

MODUIAR MONORAIL 
53X - B2 

VERTICAL FRONT SLIPPER FORCE 

Tim 
Interval 

(sec) 

Peak   i 
Dynamic Foice 

(lbs) 
Period V avg 

(ft/sec) 

Average 
Peak Force 

(lbs) 

2.7 
2.8 
2.9 
3.0 
3.1 
3.2 

3.* 
3.5 
3.6 
3.7 
3.8 
3.9 
k.o 
k.l 
k.2 
M 
k.k 

l*.6 
M 
KB 
h.9 
5.0 
5.1 
5.2 
5.3 
5.** 
5.5 
5.6 

6J* 
6.5 
6.6 
6.7 
6.8 
6.9 

2.8 
2.9 
3.0 
3.1 
3.2 
3.3 

3.5 
3.6 
3.7 
3.8 
3.9 
k.o 
k.l 
k.2 
k.3 
k.k 
k.5 
k.6 
k.l 
k.S 
k.9 
5.0 
5.1 
5.2 
5.3 
5.k 
5.5 
5.6 
5.7 

6.5 
6.6 
6.7 
6.3 
6.9 
7.0 

18,7**0 
23,890 
20,UlO 
22,390 
21,110 
26,200 

15,160 
30,850 
33,800 
31,180 
25,810 
3^,730. 
2**,5 
26,000 
23,870 
1*2,570 
37, 
16,91 
27,71*0 
12,090 
21,9^0 
20,370 
22,265 
17,680 
19,750 
31,260 
16,710 
12,690 
24,060, 

22,560* 
17,300 
17,^10 
11,890 
19,930 
9,110 

Motor On 2,300 22,123 

Motor On 3,150 28,590 

Motor 
Burnout 

3,^50 30,800 

Coast 3,150 20,290 

Coast 2,300 16,360 

i 

Quasi-steady force has been removed. 
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• Loads are sensitive to velocity or at least to the variation 
in lift which is associated with velocity. The steady-state    f 
force on the front slipper at 2,300 fps was about 1,000 :{ 
pounds upward, while at 3>150 fps it was about 2,200 pounds. j 

• Whatever happens when the motor burns out (the Modular Mono- j 
rail used a Genie motor), it gives the sled a rough ride. I 
The peak dynamic load of 42,570 pounds was experienced at 
burnout. 

Figure 2.11 gives a rough idea of the sensitivity of loads to 
velocity r 1 the relative magnitude of the peak load which occurred at burn- 
out. Figure 2.12, showing a section of the Modular Monorail test data dur- 
ing the burnout phase, illustrates the nature of the phenomenon. I 

2.3.2     Instrumented Monorail | 

The Instrumented Monorail is a foreV fly, i.e., it has no on«* 
board propulsion. It weighs 1^0 pounds and is Uo inches between slippers. 
Figure 2.13 shows it in its spike test configuration with its pusher. 

Force transducers of the type shown in Figure 2.9 were mounted 
above the fore and aft slippers of the Instrumented Monorail. 

Considerable data were taken from numerous Instrumented Monorail 
tests. These data are presented in Reference (2) as graphs of peak load 
versus Mach number. Front and aft vertical and lateral force data are re- 
produced from Reference (2) in Figure 2.14. It is explained in the refer- 
ence that two peaks were taken from each quarter Mach number range of the 
test data. It was assumed that these data were extracted from both the 
boosted and coast phases of the tests. A few sets of time history data were 
available from the MtX-£2 test. They indicated that loads were no higher 
during boost phase than during coast. 

2.3*3     Summary of Conclusions from Monorail Test Data 

Despite the limited amount of data available, it seems safe to 
conclude that the principal source of monorail sled excitation is rail 
roughness« The stiff, high speed monorail sleds collide with the vertical 
and lateral "hills" of the test track and are subjected to forces equaling 
more then 150 times their weight. There is a strong correlation between 
steady-state lift and the amplitude of the impacts. An or-board thruster 
seems to increase dynamic load factors, especially at engine burnout. 
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SECTION III 

FORMULATION OF MATHEMATICAL MODELS 

3.1      Nonlinear Dynamic Simulation of Dual and Monorail Sleds 

Structural design analysis of sleds for the Holloman track has 
already become dependent upon the use of powerful finite-element computer 
programs. Statistical methods and quasi-steady multiple g loadings (lambda 
factors (1, 2)) have been used to simulate the dynamic loading conditions 
experienced by test sleds. The desideratum In the current study was a 
computerized method for directly determining the intertial load distribution 
associated with test sled dynamic response. Most up-to-date finite-element 
programs include dynamic response capability, often by the modal method 
wherein the dynamic response of even very large, complex structures can be 
analyzed by the solution of decoupled single-degree-of-freedom equations. 
These methods, however, are all linear and preclude the inclusion of char- 
acteristics such as the slipper gap. 

3.1.1     Nonlinear Structural Response Theory 

The bouncing high speed sled is not the only instance of a com- 
plex structural system subjected to rapidly changing boundary conditions. 
Recontact during staging of large launch vehicles has been studied exten- 
sively over the years in the aerospace industry. In that case, the modal 
method is used, but three sets of structural modes are employed: one for 
the joined stages, and one each for the separated stages. Each time contact 
or separation occurs, the equations are switched, one set of modes to an- 
other, and reinitialization must be carried out. If this method were used 
in the dynamic response analysis of sleds, at least four sets of modes would 
be used: one set associates with each combination of forward and aft, slipper 
contact condition, i.e., fixed-fixed, free-fixed, fixed-free, and free-free. 
This is obviously not a practical approach. 

A method has been developed which permits the continuous inte- 
gration of one set of modal functions. The disadvantage is that the equa- 
tions are no longer decoupled as in the classical modal approach, and hence, 
they must be integrated in time. This is not a great expense, however, 
because it has been found that a relatively limited number of modes suffices 
to give good distribution of inertial loads. 

The method has been programmed for solution on the Control Data 
Corporation (CDC) 6600. The program, called SLEDYNE, is described in Sec- 
tion 3.1*2 and Appendix II. The user's manual is Appendix I. 

Assumptions 

The detailed development of the equations of motion is presented 
in Appendix II. The following discussion explains the important assumptions 
inherent in the equations. It Is intended to give the user of SLEDYNE the 
insight he needs for intelligent use of the program. 
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The  simulation is of pitch and bounce motion only. The equa- 
tions do not include roll, yaw, lateral translation, or downtrack transla- 
tion. Degrees of freedom beyond rigid body pitch and bounce modes account 
for dynamic structural response of the sled structure via its vibration 
modes• 

One assumption characterizes the method and must be understood 
for appropriate use of SLEDYNE. The theory is based on the premise that it 
is possible to isolate two portions of the sled structure and call those the 
slipper stiffnesses. The stiffnesses transmit vertical forces only from the 
track to the remainder of the sled structure (when the slippers are in con- 
tact with the rail). Motion of the remainder of the sled, called the sled 
body, is defined in terms of a set of normal modes of vibration, üftese 
modes are computed for the sled body where the points of attachment of the 
slipper stiffnesses are restrained against displacement. This method, if 
properly employed, does not eliminate any essential behavior of the struc- 
ture. Whatever stiffness is isolated out of the sled body by the restraints 
is included in the slipper stiffness, and vice versa. 

Calculation of Slipper Stiffness 

The practical problem of isolating the slipper stiffness from 
the structure of the sled body is illustrated in Figure 2,1, The approach 
is more straightforward for the dual rail sled because generally the sled 
body separates itself naturally from the slipper beam. In the case of the 
Single Mod sled, shown in Figure 3.1A, the slipper stiffness is the force 
which, when applied at the tie point between the sled body and slipper beam, 
causes the sled center-line to deflect one inch. Based on this definition, 
of slipper stiffness, the model used for calculating the sled body modes 
will be constrained with pin restraints at the corners of the bulkhead. 

Figure 3.1b shows the instrumented monorail as an example of 
monorail sleds. In this case, the sled body was restrained at the point? 
shown, and the stiffness of the structure from those points to the point of 
contact with the rail is calculated as the slipper stiffness. Since that 
may depend on whether the sled is riding on the slipper lips or the slipper 
base, the user must consider the quasi-steady lift forces. The large lift 
i'orces produced at the high velocities of monorail sled*, almost always cause 
them to ride on the slipper lips. 

Modal Representation in Simulation 

In the simulation, the motion of sled is defined at any instant 
as the rigid body motion plus the response of the vibration modes (see 
Figure 3*2), Since the modes are defined with no deflection at the slip- 
pers, the slipper springs, the slipper gaps, and the rail roughness affect 
only the rigid body behavior. The vibration modes are excited by the rigid 
body response through the mass coupling terms. The important fact is that 
whether or not the slipper springs are in contact with the rail, the proper 
modes of vibration are being used. This is demonstrated in Table II in a 
comparison based on the Single Mod sled. The frequencies taken from SLEDYNE 
were calculated using the mass matrix (which does not change) and the stiff- 
ness matrix as it is, (a) when both slippers are in contact with the rail, 
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Table II 

COMPARISON OF SLEDYHE MODAL REPRESENTATION 
WITH "EXACT" STARDYNE MODES 

STARDYNE SLEDYHE*   ! 
Modal Calculation Equations 

Fixed-Fixed 20.2 20.6 

(Slippers in Contact 
with Rail) 

27.6 

56.2 

27.9 

55.^ 

125.1 12** .6 

19% y 192.0 

Free-Free 0. u*    1 

(Slippers In Gap) 0. 0.    j 

51.1 51.2 

121.7 12? .9 

186.2 139.1* 

1         Single Mod Natural Frequencies - - cps 

Based on two rigid plus five pinned-p uwed vi* ~ation raude... 
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and (b) when both slippers are in the gap. For this comparison, the same 
300 dof STARDYNE model which had been used to calculate the SLEDYNE modes 
were first restrained at the slippers, and then left free. Five modes (plus 
the two rigid body ones) were used in the SLEDYNE solution. 

The method is seen to achieve a reasonable level of accuracy in 
representing various constraint conditions while using only one set of vi- 
bration modes. When considered that it is usually the lower modes of vibra- 
tion that contribute most to structural response, the sufficiency of the 
method becomes even more convincing. 

The importance of the structural vibration modes, especially for 
monorail sleds, was illustrated by a series of SLEDYNE runs using the 
Instrumented Monorail. Figure 3.3 shows how slipper loads are overpredicted 
when the sled body is rigid, i.e., when there are no modes. Addition of the 
structural modes permits some of the impact energy to go into deformation of 
the sled body hence relieving the slipper loads. This is, of course, what 
is happening on the track. Three percent damping is apparently a good esti- 
mate based on the underprediction of a five percent case. 

3.1.2     Description of SLEDYNE 

In essence, SLEDYNE is a nonlinear dynamic response analysis 
program which treats a very specialized problem — a test sled bouncing along 
a rough rail while subjected to lift, drag and thrust forces. In practical 
application, it is a design tool providing a means for estimating the iner- 
tial loads to which a dual rail or monorail sled will be subjected by rail 
roughness excitation. The load vectors which are computed are due to dynam- 
ic response alone and must be superimposed on quasi-steady forces for analy- 
sis of design conditions. Moreover, since those dynamic loads are due to 
rail roughness only, factors are input so that the dynamic effects of motor 
transients and oscillating aerodynamics may be included. SLEDYNE1s use in 
the design/analysis process is described in Section 6.0. The user's manual 
is Appendix I. 

The rail roughness model used in SLEDYNE is based on a set of 
kko measurements made of rail height on a *+00 foot section of the Holloman 
test track. Mean height and slope were removed from these data (see Figure 
3.U), and they were divided into ten segments such that the first and last 
value of each segment is zero. In oLEDYNE, these segments are placed ran- 
domly one after the other in order to generate a random rail of any required 
length. On the CDC 6600, the random number generates the same sequence of 
random numbers every time. This means that from the beginning of an execu- 
tion, the «-ame rail will always be generated. 

One somewhat ambiguous factor deserves special mention here. 
The user specifies values of \^ and ?Q wnicn are the damping coefficients 
(percent damping) in the bounce and pitch equations. It is not meaningful 
to specify damping as a proportion of critical damping for these two modes 
because they are coupled. SLEDYNE adds the bounce and pitch damping ef- 
fects, and then distributes them to the slippers in proportion to the clip- 
per stiffness. The damping force acts only when the slipper is in contact 
the rail. The equations are presented and explained in Appendix II. 
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| jf Damping 
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3*1.3     Comparison of Analytical and Test Results 

Dual Rail Sleds 

Since the SLEDYHE simulation contains the rail roughness as the 
sole source of excitation, it would be expected that correlation between its 
results and flight test data would hold only for coast. As explained in 
Section 2.1, engine transients and oscillating aerodynamics cause amplified 
dynamic response levels, Time history data were available only for the Gnu 
(6208) sled, and the Single Mod. Peak response levels for those two sleds 
versus SIMP are shown in Figure 3.5. The measured slipper forces have been 
doubled and are called slipper beam forces in the figure. Also plotted in 
the figure are peak responses observed in the two-second runs made *ith the 
SLEDYKE simulation. For both sleds, SLEDYNE underpredlcts the response in 
the forward slipper beam and overpredicts that in the aft slipper beam. 
This discrepancy cannot currently be explained. 

During the development of SLEDYNE several studies were made 
which led to the following conclusions: 

• Dual rail sled response to rail roughness is not sensitive 
to velocity. • Runs were made at velocities ranging from 
between 1,000 and 2,000 fps, and there was no significant 
variation in peak forces so long as the length of rail 
covered was held constant. 

• Peak force is independent of the quasi-steady loads so long 
as they are great enough to hold the slippers in contact 
with the rail most of the time. 

• Four thousand feet of track seems to be enough to give a 
nearly invariant peak. Runs made over longer sections of 
track occasionally gave higher loads but not significantly. 

MonoraU Sleds 

Monorail sleds are quite different in their dynamic behavior 
from dual rail sleds. They go at higher velocity and are much stiffer, 
erchibiting higher frequency behavior. Slipper forces are a series of high 
amplitude impact spikes. Their wide dispersion in amplitude precludes thi 
possibility of predicting absolute peak values through simulation. A method 
«as adopted which was based on Mixon*s (2) scheme for reducing data from the 
Instrumented Monorail tests. He extracted the peak slipper force from each 
quarter M&ch number velocity range. During the acceleration phase, that 
corresponded to about .1 second intervals. This was done for several runs 
giving a number of peak amplitudes for each value of Mach number. These 
were averaged and plotted as average peak versus Mach number. The analogous 
method used with the computer simulation is to make a run of instant veloc- 
ity and look at the peak amplitude in each .1 second interval. A run of 1.0 
second, for example, yields ten values which p~e th*r* averaged. 

Table III compares data taken from the forward slipper of the 
Modular Monorail and the forward and aft slippers of the Instrumented 
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Table III 

COMPARISON OF SLEDYNE RESULTS WITH TEST TRACK DATA 
MONORAIL SLEDS - VERTICAL FORCE DURING COAST (lbs) 

!    Vehicle Velocity 

(fpa)  I 

Average of Peaks* Peak     1 

SIEDYNE** Test SLEDYNE** Test  | 

Modular Monorail 
(fwd) 

Modular Monorail 
(fwa) 

Instrumented 
\   Monorail (fwd) 

l   Instrumente! 
1   MonoraU (fwd) 

I Instrumented 
Monorail (aft) 

1 Instrumented 
1 Monorail (aft) 

3*KX> 

2300 

1*000 

!  2900 

Uooo 

2900 

21,800 

18,U30 

16,610 

13,270 

16,520 

13,UO0 

22,280 

17,700 

16,000 

12,500 

17,000 

13,600 

3^,900 

29,000 

20,680 

19,860 

23,280 

17,820 

30,2U0 1 

23,720 

16,000 

1^,000 

19,000 

12,000 

1    *Average of peaks measured in «1 second intervals              \ 

| **Three percent damping, six vibration modes 
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Monorail with SLEDYNE results. The SLEDYNE calculations included six modes 
of vibration and three percent damping. Comparison by the averaging method 
is good, whereas absolute peak values do not agree well. Note that the 
peaks shown for the Modular Monorail came from the coast phase and that 
peaks from engine burnout were 50 percent higher. 

A typical monorail slipper force time history is shown in 
Figure $.G.   It was calculated by SLEDYNE for the Modular Monorail at 3,500 
fps using five modes of vibration. In comparing Figures 3.6 and 2.12, one 
notices that the calculated Impacts are of considerably longer duration than 
the measured. Mixon's data (2) show's the same discrepancy for which no ex- 
planation has yet been found. Whatever the cause of the discrepancy, how- 
ever, the peak forces show good agreement between test and analysis. 

ff 

).2 Simplified Impact Model for Monorail Sleds 

As explained in Section 2*2, monorail sleds experience large, 
discrete impacts with the rail. Typically, each monorail slipper impacts 
the rail independently. Furthermore, the force in one slipper is usually 
maximum while the other slipper is in the gap. These phenomena suggested 
that monorail sleds could be analyzed using a simplified model of the sled 
where one slipper at a time impacts the rail. Based upon this conjecture, e 
method was developed for analyzing monorail sleds using an impact model. 

In this technique, a structural model of the sled is impacted 
vertically on one slipper against a rigid surface. The Impact velocity is 
the principal factor that determins the resulting structural loads. 

The important parameters in choosing the impact velocity seem 
to be sled velocity, lift-to-weight ratio, and the impact duration. The 
objective is to correlate test data with these parameters and in so doing, 
develop a technique for predicting the required impact velocity. 

This model to be used for vertical loads is illustrated in 
Figure 3,7, which shows the pertinent response parameters. The same proce- 
dure is used for lateral loads» 

Application of this method of analysis requires two major com- 
putations: (a) determination of the effective impact frequencyj and (b) 
determination of the sled loads resulting from the prescribed impact. Two 
methods for performing these computations are described in the following 
sections* 

3.2.1 Procedure A 

This procedure is easiest to use but is not as accurate as 
Procedure B.  The sled is Idealized as a rigid body supported on springs. 
Effective impact frequency» f» can be expressed in terms of the impacting 
spring stiffness, K, and an effective mass, Heff, i.e., 

f ■ ijr~ (3.1) 
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where (see Figure 3* 7) 2 

M M eff 
1+M£ 

= effective mass (3.2) 

K = impacting slipper and support structure stiffness 

M = sD.ed mass 

I = sled moment of inertia 

t = distance "between center of mass and impacting slip^r 

Slipper and associated support structure stiffness can be deter- 
mined as shown in Figure 3.8. In Figure 3.8a the slipper is pinned to the 
rail; in Figure 3.8b the slipper is constrained against translations and 
roll moment. Stiffness is defined as the force in pounds which causes a 
one-inch displacement between the rail and the sled "main body." 

Careful judgement should be exercised in determining the force 
which causes unit deflection of the sled center-line. Unlike dual rail 
sleds, the flexibility of typical monorail sled bodies is on the order of 
the flexibility of the slippers. Significant flexibilities in slipper sup- 
port structure which contribute to deflection between the sled "main body" 
and the track should be included in the calculations. By ignoring flexibil- 
ity of the sled body, the effective impact frequency will be overestimated 
and a conservative estimate of dynamic loads wiH result. 

The impact velocity v can be determined as a function of f, h/w 
computed for the impacting slipper (see Figure 3.9) > and sled velocity V, 
as explained in Section 3.2.3. 

The peak slipper force is given by 

F   = 2nfvM _ 
max     eff 

The resulting acceleration responses are given by 

* - WM 

(3.3) 

(3.1+) 

where '£ and *9* are the translational and rotational accelerations, respec- 
tively, of the center of mass. 

Distribution of these leads over the sled for the vertical case 
is illustrated in Figure 3.10. 
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For predicting maximum dynamic loads, the foregoing procedures 
should be applied to both the forward and aft slippers in both vertical and 
lateral directions. 

3.2.2 Procedure B 

This procedure should provide more accuracy in predicting pre- 
liminary dynamic loads. 

A preliminary simplified finite-element model of the sled with 
one slipper constrained and the other slipper free is used with a program, 
such as STARDYNE, to determine natural modes and frequencies. 

Next, using a dynamic response program, such as DYNKE1, a unit 
step velocity is applied to the constrained slipper and the following items 
are computed: 

a. The force-time history of the contacting slipper. 

b. The contact period and the associated effective impact 
frequency, as shown in Figure 3-7» If the time of the peak 
force ipeak *s different from T/2, compute an effective 
impact frequency based on the average; i.e., 

f - i *+ *W (5-5) 
See Figure 3.11. 

c. The load distribution at the time of maximum slipper force. 

The impact velocity v is then determined, as in E  dure A, and 
the loads obtained for the unit impact velocity are multiplied L V to ob- 
tain the peak dynamic loads. 

3.2.3 Determination of Sled-Rail Impact Velocity 

It was postulated that the impact behavior of a monorail sled 
and hence, the impact velocity required for peak loads, could be approxi- 
mated by flight simulations using a nonlinear single-degree-of-freedom model 
for the sled-rail system. The model (Figure 3*12) consists of a mass, a 
spring, a linear dashpot, a slipper with a gap, and a simulated rail. The 
frequency of the model corresponds to the effective impact frequency of the 
sled impacting on one slipper as described in the previous two sections. 
The dashpot does not represent actual structural damping but, rather, ac- 
counts for the dissipation of energy into the various vibration modes of the 
sled. The operational parameters include the sled velocity, V, and the 
lift-to-weight ratio L/fa. The same model is used for lateral impacts by 
setting the ratio hfyi  = 1. Simulation of a flight was accomplished by the 
identical procedure as that used in SLEDYNE (Section 3.1.2) except for the 
simplified sled model. 

The foregoing procedure was used to generate the impact velocity 
curves of Figure 3.13. A critical damping ratio of 0.10 was selected, based 
on comparisons of predictions and flight data for the Instrumented Monorail 
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and the Modular Monorail sleds using Procedure B of Section 3.2.2. These 
predictions and comparisons are summarized in Section 3.2.U. For each com- 
bination of parameters, four *i,000 foot simulated flights were made and the 
average of peak loads in each 0.1 second interval was determined. Signifi- 
cant statistical variations were apparent in the resulting peak loads even 
with U,000 foot flight distances. The data were cross-plotted and smoothed 
to produce the curves of Figure 3.13. Thus, the quantity v represents an 
impact velocity which can be sed to predict average peak loads in a flight, 
but it does not predict the value of the highest peak. 

3.2.4     Examples and Comparison with Flight Data 

The foregoing procedures are illustrated, in part, for the 
Instrumented Monorail and Modular Monorail Sleds. Results are compared with 
flight data. 

Instrumented Monorail 

Coast phase dynamic loads resulting from impacts on the forward 
slipper were predicted using Procedure B (Section 3*2.2). 

Vertical Loads 

The finite element model for the vertical loads is illustrated 
in Figure 3.1^. This ir the same as Model 1 of Reference (2), except for 
the boundary conditions. In the present case, the forward slipper is pinned 
to the rail and the aft slipper is free. Modes and frequencies were com- 
puted by STARDYNE. 

Response to a step velocity of one inch per second v,s deter- 
mined using DYNRE1 with nine flexural modes. For this example, only the 
load history in the forward slipper was determined. Pertinent parameters 
are shown in Figure 3»15. For design purposes all the loads of interest 
would, of course, be determined. The peak vertical force ia 339 pounds and 
the contact period is .0016 second, corresponding to an effective contact 
frequency, f = 312 Hz. 

Lift--to-weight ratios were determined for various velocities 
from Reference (2), page 225, as follows: 

Total weight, W = 132.9 pounds 

"Forward slipper weight", W_ * 71.8 pounds 

Sled Forward    Lift on Forward 
Velocity, V      Slirper, 1^ 

Sau         P») 
1000 -200 
2000 300 
3000 550 
i+000 1650 
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Impact velocity as a fur ifcion of sled velocity was determined 
from Figure 3.13 using f = 312 Hz, with values of V and Ly/fay from tne pre« 1 
ceding tabled The peak loads corresponding to a unit impact velocity were J 
multiplied by these values of impact velocity. The predicted forward slip- ^ 
per vertical force as a function of sled velocity is shown in the following '[ 
table. 

Predicted Forward t 
Sled Forward    Design Impact    Slipper Average I 
Velocity, V     Velocity, v Peak Vertical Force I 

1000 28 9,^90 
2000 4l 13,900 
3000 48.5 l6,M*0 
4000 61 20,680 

< 
These values represent average peak dynamic forces, as explained in Section fj 
3.2.'  tnd are shown in Figure 3.16 along with flight data for total verti- 
cal forward slipper force (2). 

Modular Monorail T- Vertical Loads 

Coast phase dynamic loads resulting from impacts on the forward 
slipper were predicted using Procedure B'(Section 3.2.2), with STARDYKE and 
DYHREl finite-element computer programs. The finite-element model is illus- 
trated in Figure 3.17. 

Response to a unit vertical step velocity was determined. Per- 
tinent parameters for the vertical force time history is shown in Figure 
3.18. The effective contact frequency, determined from an average of the 
time at peak load and the contact period, is 128 Hz. Peak force is 665 
pounds. 

Weight and lift distributions are summarized in Figure 3.19 for 
sled velocities of 2,300 and 3,400 fps. Impact velocities from Figure 3.13 
and predicted forward slipper forces are summarized in the following table, 
along with flight data. 

The curves must be interpolated and extrapolated for different velocities. 
Also, for negative values of h/w  use JL^| + 1. 
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SUMMARY OF MODULAR MONORAIL FORWARD SLIPPER VERTICAL FORCES 

Average Peak Vertical Force (lb) 
Flight 

Condition 
Average Sled  Impact 

Velocity  Velocity  - 
(fps)     (ips) 
3150 
3150 

3^00       27 

3^50 
2300       24 

Discussion of Results 

(0.1 sec intervc.ls) 

Flight 
30,630 
22,o40 

22,276 

42,300 
17,686 

Predictions 
Motor On 
Motor Off 
(coast) 

Motor Off 
(coast) 

Motor B.O. 
Motor Off 

18,000 

16,000 

Inspection of Figure 3»l6 and the preceding table indicates that 
the impact velocity method gives reasonable estimates of coast phase dynamic 
loads in monorail sleds. In selecting the damping used to generate the de- 
curves, emphasis was placed on vertical loads since rail roughness measure- 
ments used for the simulated rail were obtained in the vertical direction. 

The method overestimates the Instrumented Monorail vertical 
slipper force (Figure 3.16) and underestimates the Modular Monorail slipper 
force (preceding table). The value of 10 percent critical damping gave best 
correlation, considering both cases. 

Evaluation of Procedure A 

The foregoing comparisons of predictions and flight data were 
made with Procedure B since it represents the more rigorous approach. Pro- 
cedure A, although easier to use, is an approximation of Procedure B. It 
is therefore of interest to compare Procedure A with Procedure B. 

For comparison, Procedure A was used to predict forward slipper 
vertical and lateral loads for the Instrumented Monorail sled. The follow- 
ing data were assumed (2): 

Sled weight, w = 140 lb 

2 
Pitch and yaw moment of inertia, I - 131 lb-sec -in 

Distance between cm and forward slipper, / = 23.0 in 

Slipper and support structure stiffnesses were computed for the two-beam 
elements connecting Node k  (main body) and Node 6 (rail) in the finite- 
element model of Figure 3»1**« The results are: 

Vertical Stiffness, Ky * 5.53 x 10
5 lb/in 

A comparison of predicted loads and other pertinent parameters is shown in 
Table I of Appendix IV. 
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It may be seen that Procedure A also gives reasonable estimates 
of monorail sled coast phase dynamic loads for preliminary design purposes. 

An attempt to predict lateral loads using Procedures A and B was 
also made. However, the analytical results underpredicted test results con- 
siderably. The conclusion reached was that rail roughness in the lateral 
direction could indeed be larger than in the vertical direction. No lateral 
rail roughness measurements have ever been performed to verify this opinion. 
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SECTION IV 

INVESTIGATION OF OTHER EXCITATION SOURCES 

A major part of the early period of performance of this study 
was pervaded by frustration. The principal objective of the study was to 
develop a new design procedure for dual rail sleds. Analysis of the re- 
sponse of the Single Mod sled to rail roughness did not give results which 
correlated with test track data. Numerous variations in velocity, lift, 
damping coefficients, and rail roughness wer«» tried without success. Ul- 
timately, it was learned that the test data were in error by about one- 
third. With that information, correlation was finally achieved. The stud- 
ies did show that dynamic loads in the dual rail sled are not sensitive to 
variations in quasi-steady lift or in velocities below 2,000 fps. 

In addition to these parametric studies, two other brief analyt- 
ical efforts were motivated by the lack of correlation. They merit descrip- 
tion in this report although there are currently no experimental data to 
verify or refute their existence. 

^.1      Dynamic Interaction of Pusher and Forebody 

The search for sources of higher dynamic amplification led to 
the idea that the Single Mod sled might be interacting with its forebody. 
In the 2UX-C1 test the Single Mod sled pushed a FEN58IO-T6 forward vehicle. 
That forebody weighs 3»1^° pounds, measures 108 inches between slipper beams 
and has a eg 17.2 inches above the rail head. A simple model was made of 
the two sleds joined by the standard Coleman coupling device. Natural fre- 
quencies were obtained and the first three were 18.0 cps, 20.** cps and 22.5 
cps. The model was then run over the rough rail in the simulation program. 
The results showed a variation of about 20 percent from the model used with- 
out the forebody. Loads in the forward slippers went down and those in the 
aft slippers went up. The variations, however, were not much more than were 
being seen from run to run due to the randomness of rail roughness. (It was 
subsequently learned that the runs being made at that time were too short 
for consistency in results.) Since this change was not nearly the magnitude 
needed to give correlation with what were then believed to be test levels, 
the effort was abandoned because later correction of the test data showed 
that the sled model without forebody was giving agreement. This investiga- 
tion was never revived. 

In retrospect it might be observed that the configuration of 
these two sleds would not be expected to give dynamic coupling« Each has a 
low center eg comparable to the height of the coupler. Such a phenomenon 
might be more expectable in a sled combination where high cg's would induce 
pitch interaction with axial forces being transmitted through a low coupler. 

kt2 Dynamic Interaction of Sled and Test Track 

Another dynamic phenomenon offered itself enticingly as an ex- 
planation for the unresolved disparity in data. Ttoe possibility that the 
test track behaving as a beam on an elastic foundation (where the soil is 
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the elastic foundation) could be interacting with the sled was investigated 
by some renowned men 14 years ago (9), The theoretical and limited test 
results were not very conclusive although they indicated that this possibil- 
ity does exist. 

The problem is that a bouncing sled is traveling over a beam oh 
an elastic foundation at close to its wave propagation velocity. Theoreti- 
cally, the problem is tractable if the force is constant or if the force is 
oscillating but its point of action is stationary. The well-known solution 
for the point force traveling at the propagation velocity shows infinite 
bending m:,dents developing just under the force. Of course, it does not 
indicate what happens to the vehicle producing that force. 

Motivated by the hope of uncovering additional information about 
the behavior of the Single Mod sled, an analytical study was mad* of a 
bouncing single-degree-of-freedom model on a beam on an elastic foundation. 
The model and its relevant parameters are shown in Figure 4.1. '.he single- 
degree-of-freedom system idealizing the Single Mod sled has a natural fre- 
quency of 20.8 cps. A harmonic force is applied to the single-degree-of- 
freedom model with the intention of studying its frequency response. The 
estimate of the stiffness of the elastic foundation was made based on re- 
sults presented in Chapter 7,  Reference (9). The track parameters, bending 
stiffness and distributed mass which includes an estimate of the added mass 
effect of the soil were taken from Chapter 5, Reference (9). 

The rather laborious analytical effort in the solution of the 
partial differential equations led to results which are presented graphical- 
ly in Figure 4.2. The three graphs correspond to three weights of the 
single-degree-of-freedom model. One is equal to the weight of the Single 
Mod sled at burnout, and the other two correspond to half and double that 
number. It is observed that as the weight of the sled increases the major 
response moves from the resonance of the sled to that of the track, which is 
nominally at 15.7 cps. Although not shown here, the results also indicate 
that for heavier sleds the amplitude of response of the track is greater. 

One of the reasons for doing this analytical study was that the 
results could be compared with a fairly easily conducted test on the track 
itself. Several sleds could be tied to the track and excited with reaction- 
type vibrators over a frequency range sufficient to reproduce these curves. 
Two purposes would be served with the results. A more refined estimate of 
the track's dynamic properties could be made. In addition, it could be ver- 
ified that the dynamic behavior of the sled could, indeed, be affected by 
interaction wiJ,h the test track. With this information, an assessment could 
be made of the value of proceeding with an analytical study of a moving dy- 
namic model. 
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Figure 4.1.    Single dof on Beam-On-Elastic Foundation 
Model of Sled on Test Track Bed 
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SECTION V 

DEVELOPMENT OF DESIGN AND ANALYSIS PROCEDURES 

5.1 Introduction 

This section of the report describes the "basis for the design 
analysis procedures which were finally selected for dual and monorail sleds, 
and are presented in Section 6,0 of this report. In some respects, espe- 
cially with regard to estimation of dynamic loads, the design analysis pro- 
cedures presented in Section 6.0 depart significantly from current design 
procedures. The estimates, assumptions and judgements upon which this guide 
was formulated are discussed in this section. 

It has been emphasized earlier in this report, and is restated 
here, that the design criteria incorporated in this new design analysis pro- 
cedure are based on minimal test data and what insight could be gleaned from 
analysis. They must be dynamic, changing and improving as more test data 
become available. Hopefully, some of the new approaches, especially the 
more refined dynamic analysis, will provide a rational base which can be 
easily expanded to new sled configurations and velocity ranges. Of critical 
importance is the establishment of a consistent and systematic program of 
test data acquisition. 

Clarity of the following discussion depends on an understanding 
of two points.  "Dynamic loads" are herein defined to be inertial loads in 
the vertical and lateral directions which arise from bouncing of the sled on 
the rails. This bouncing is induced by engine transients, rail roughness 
and oscillating aerodynamics. Forces due to aerodynamic lift, hrust, 
thrust offset moments, drag and all inertial loads in the downtrack direc- 
tion, even oscillatory ones, are herein called "quasi4-steady loads." 

5.2 Factors Used With Quasi-Steady Loads for Dual and Monorail Sleds 

The "dynamic" loads calculated in the preliminary and final 
design phases (described below) give inertial loads in the vertical and hor- 
izontal directions only. Downtrack dynamic amplification due to thrust ig- 
nition, thrust transients and onset of braking must be included in the 
quesi-steady loads by use of appropriate factors. 

At ignition thrust is multiplied by 2.0 to account for axial and 
pitch response to a step function. The factor of 1.3 used with it at other 
times in the trajectory accounts for downtrack vibrations which may result 
from thrust perturbations and "hot" engine burning. Design conditions must 
include any possibilities for asymmetric firing due to malfunctioning en- 
gines. 

Although there are some wind tunnel and test track measurements 
of lift forces, they are sparse and difficult to generalize into prediction 
techniques. For this reason and because lift forces may be the greatest 
source of loads, a factor of 1.6 is used to account for uncertainty. 

66 

\.w 



As at thrust ignition, the onset of braking force is considered 
to be a step function having an amplification of 2.0. An additional .2 
(giving 2.2) is added because of the uncertainty in analytical methods for 
predicting braking loads. 

5.3 Dynamic Load Prediction for Design of Dual Rail Sleds 

During the course of this study it came to light that the avail- 
able dual rail dynamic load data tended toward a straight line correlation 
with a parameter, subsequently named SIMP (Sled IMpact Parameter). The cor- 
relation was best between loads measured during coast and those calculated 
in the computer simulation program. Lven maximum values measured in tests 
showed some correlation although it can be seen in Figure 5,1 that the 
Single Mod maximum values are more extreme than those from the Weasel and 
Gnu tests. This is not really surprising because Figure 2.1, showing test 
data from burnout of one of the Single Mod tests, is rather extreme. 

A single slipper beam load versus SIMP curve is attractive from 
the designer's viewpoint. Furthermore, there are almost no data available 
on the interaction of specific motors with test sleds. Therefore, a single 
SIMP curve has been chosen on the basis of the design criteria. More spe- 
cifically, it is the basis of prediction of the vertical arid lateral dynam- 
ic loads. Quasi-steady loads, which for dual rail sleds are usually roughly 
the same magnitudes as the dynamic loads, must be estimated by the designer, 
SIMP, however, will help him estimate the dynamic loads which must be super- 
imposed. 

Peak dynamic loads are evidently induced not only by engine 
burnout conditions, but by oscillating aerodynamics. This was observed in 
the only test data for which there were detailed time histories, the Single 
M.d, where the »forward slipper beam felt highest loads during passage 
through the transonic range (with engine on). For this reason, full verti- 
cal dynamic loads, i.e., those associated with the top SIMP line, must be 
superimposed on all quasi-steady conditions during engine burning. Since 
braking occurs during coast and, as can be seen from Figure 5,1, coasting 
loads are less then 70 percent of the full vertical, 0.7 is the factor used 
during braking. 

The same thrust amplification factors are specified for pushed 
as for self-propelled sleds. A few points in a beta factor curve (8) are 
the only data available for forward vehicle behavior. They showed loads as 
high as comparable sleds with on-board motors and, hence, this decision, 
(More data might change it.) 

There are no measurements of lateral loads for dual rail sleds. 
In the tried and proven lambda factor method (1), the same dynamic loads are 
applied laterally as vertically. Despite an intuitive judgement thit later- 
al dynamic loads ought to be lower than vertical, the dictate of maintaining 
conservative design practice demands that lateral loads continue to be set 
equal to vertical dynamic loads (until experimental data is obtained). 
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Preliminary Dynamic Loads 

For estimation of dynamic loads, the design procedure is divided 
into two phases, preliminary and final. Since the final design requires 
formulation of a detailed finite-element model of the sled, followed by use 
of the SLEDYNE simulation, the designer needs some help in making his pre- 
liminary estimates. He starts off by making a simple estimate of the sled 
body mass distribution and the stiffness of the fore and aft slipper beams. 
This gives him peak forward and aft slipper beam forces trrm the SIMP curve. 
He uses two cases for distributing the inertial loads — one a hard impact 
on the forward slipper beam and the other a nard impact on the aft. 

Final Dynamic Loads 

When he has a fairly detailed structural configuration, the de- 
signer proceeds to the final design phase. He runs his structural model 
over the rough rail using SLEDYNE, which gives him four interial load vec- 
tors. These vectors are the vertical inertial forces on the structure at 
the times when the four slippers felt their maximum dynamic force. SLEDYNE 
calculates dynamic response to rail roughness alone which corresponds to 
coast phase dynamic loads. In order to bring the dynamic loads up to "full 
vertical," design factors (DFACF and DFACA) are read in by the user and used 
for scaling by SLEDYNE. These design factors are also based on the informa- 
tion in the SIMP graph. They are the ratios of the peak to the coast dynamic 
loads. SLEDYNE seems to be undarpredicting forward slipper heam loads and 
overpredicting aft. Until this discrepancy is resolved, it will be necessary 
to use two design factors. These factors are based on the curves in Figure 
5.5. 

Two factors are also specified for scaling the vectors before 
they are applied in the lateral direction. They also correspond to vectors 
associated, with peak forward and peak aft slipper forces. 

*5.4      Dynamic Load Prediction for Design of Monorail Sleds 

Unlike dual rail sleds which have soft suspensions, monorail 
sleds are stiff and have high natural frequencies. This results in dynamic 
loads which are much greater than quasi-steady loads. Furthermore, the hard 
suspension produces greater dependencies of the dynamic loads on quasi- 
steady loads and forward velocity. A significant reduction in monorail sled 
dynamic loads could be achieved by reducing the stiffness of the slipper 
and/or support structure. A possible design approach is the use of elastic 
metalic devices such as Bellville springs or other comppct springs between 
the slipper inserts and slipper structure. A significant and rather sur- 
prizing consequence of properly designed soft metal slippers is that they 
would produce little, if any, increase in rail roughness induced dynamic 
deflections of the sled, although deflections due to quasi-steady loads, os- 
cillating aerodynamic and thrust loads would increase. This is further dis- 
cussed in Section 7.^ of this report. 

Monorail peak dynamic Loads also appear to be amplified by en- 
gine thrust and burnout. Figure 2.11 gives some idea of the extent of thin 
effect for the Modular Monorail sled. It may be seen onat the average peak 
lomds during engine burn are approximately 50 percent higher than during 
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coast at the same velocity. Furthermore, the Modular Monorail sled test 
showed that around engine burnout the peak loads are almost 2.5 times the 
average coast loads. The Modular Monorail used a Ginie motor* Whether the 
phenomenon holds for other engines is a matter of conjecture, since no other 
data are available. The Instrumented Monorail did not have an an-board 
motor and did not exhibit higher loads during boost than during coast. Thus, 
it appears that a pushed monorail sled need not be designed to these higher 
dynamic loads« However, more data are needed to confirm this conjecture, 

A factor of 2.5 also provides a conservative estimate for peak 
to average variations in lateral coast loads and analysis uncertainty, based 
on limited data for the Instrumented Monorail. 

Oscillating aerodynamic loads do not appear to be an important 
excitation source for monorail sleds. Typically, moncrail sleds go to 
speeds over Mach 3*0 and experience peak dynamic loads at laximum velocity. 
If softer slippers are adopted which bring major reductions in impact loads 
on future monorail sleds, oscillating aerodynamic loads at transonic speeds 
could become more significant. 

Preliminary Dynamic Loads 

For preliminary estimation of monorail dynamic loads, an impact 
model of the sled is employed (see Section 3.2). The purpose of this model 
is to estimate the impact frequency of the sled from which the impact veloc- 
ity and the resulting dynamic loads can be computed. Two procedures for 
constructing this model are described in Section 6.2.2.1. Typically, the 
impact frequency of hard suspension monorail sleds will be between 130 Hz 
and 250 Hz. After the impact frequency of the sled is estimated, Figure 
6.13 can be used to calculate the sled impact velocity for various forward 
velocities and lift-tcrweight ratios (L/W). These impact velocities are 
then scaled by a fr.ctor of 2.5 to account for engine burnout loads and peak 
to average load variations. Peak forward and aft slipper loads can then be 
calculated and equilibrated with sled inertial loads for calculating inter- 
nal stresses. 

Final Design Loads 

When the sled design has progressed to the point of detailed 
structural definition, the final design procedure is employed. This re- 
quires that a finite-element model of the sled be constructed and its mode 
shapes an^ frequencies calculated. These data are read into SLEDYNE, which 
give- four vertical inertial dynamic load vectors, SLEDYNE calculates the 
average dynamic response to rail roughness alcne. In order to bring the 
dynamic loads up to "full vertical" and account for engine burnout, a 
design factor of 2,5 is read in by the user and is used by SLEDYJNE to scale 
the results. The factor of 2.5 was chosen to yield conservative results. 
During braking a scale factor of 1.6 is used to account for the ratio 
between peak and average dynamic load. 

The final dynamic lateral loads for monorail sleds are calcu- 
lated assuming that these loads are a percentage of the vertical loads. The 
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exact percentage is a function of the eg height above the rail as shown in 
Figure 5.2. 
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Figure 5.2,  Magnitude of Lateral Loads for Monorail Sleds 
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SECTION VI 

SLED STRUCTURAL DESIGN ANALYSIS PROCEDURES 

The following criteria for structural design of dual rail and 
monorail sleds are based on limited test track data and estimates of par- 
tially understood phenomena. They are intended to be conservative. How- 
ever, they cannot substitute for the good judgement of the design-analyst 
who applies them and is responsible for the adequacy of the resulting de- 
sign. This is especially so with sleds of unusual configurations or tra- 
jactories with severe loading where these criteria may not be conservative. 
It may be more apt to view these criteria as guidelines which the design- 
analyst uses as a starting point in establishing the appropriate design 
loading conditions for his particular configuration/trajectcry requirements. 

The sources of loading are categorized here as quasi-steady and 
dynamic. "Dynamic" designates those inertial loads which are caused by 
bouncing and pitching of the sled in the vertical and horizontal planes. 
All other loads, including downtrack inertial loads, are referred to as 
"quasi-steady". For each critical trajectory point, quasi-steady loads are 
estimated, and the dynamic loads, which are oscillatory, are superimposed 
in the direction that gives the worst internal loads. 

6.1      Dual Rail Sled Structural Design Procedure 

Determination of quasi-steady loads for dual rail sleds is dis- 
cussed in Section 6.1.1. Section 6.1.2 explains the method for definition 
of dynamic loads, first at the preliminary design level where the sled con- 
figuration is known only in a gross sense (Section 6.1.2.1). When struc- 
tural details and sizing are sufficiently defined so that a finite-element 
representation can be made, a more refined dynamic loads analysis is per- 
formed as specified in Section 6.1.2.2. 

Table IV summarizes the overall design procedure for dual rail 
sleds. 

6.1.1     Dual Rail Sled — Quasi-Steady Loads 

The following procedure pertains for both preliminary and final 
design analyses. 

Motor Pusher Loads (Figure 6.1) 

a. Ignition 

At ignition of on-board motors and pushers, maximum thrust 
(or maximum transmitted force where sled is being pushed) should 
be multiplied by 2.0 and downtrack acceleration applied to get 
inertial loads which equilibrate thrust. Include drag force and 
its moment if sled is in motion. 

I 
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TABLE IV 

SUMMARY OF DUAL RAIL SLED DESIGN CONDITIONS 

Event Quasi-Steady Loads Dynamic 
p 

Loads 

Thrust Ignition 

Max Lift 

Max Velocity 
(Burnout) 

Braking 

T x 2.0 

fex u61) 
A Required for Equilibrium 

T x 1.9 
L x 1.61 

D 
A Required for Equilibrium 

T x 1.9 
L x 1.61 

D 
A Required for Equilibrium 

B x 2.2 
L x 1.61 

D 
A Required for Equilibrium with B x 2.2 

0. 

(FV\3 

VLat/ 

FV 
Lat 

FV 
Lat 

FV x .7\ 
Lat x .7 

Stress induced by these loads should be compared with allowable stresses. Allowable 
stress for normalized ^1)0 steel should be the yield stress, with a safety factor of 
I»2 •                                                  Allowables 
for other materials will be defined at a later date. 

Key:   T  - All on-board and transmitted thrust forces 

L  - Lift forces due to choking and induced effects; should be distributed, 
if possible, for preliminary design and must be for final 

D  - Draft 

A  - Down-track inertial force; shouxd be distributed for preliminary design 
and must be for distributed for final design. 

B  - Braking forces; th^re will generally be both horizontal and vertical 
components 

FV - Full vertical dynamic loads: this is defined for preliminary and final 
design in Section 6.1.2 and includes the effects of rail roughness, 
thrust transients and aerodynamic oscillating loads 

Lat - Lateral dynamic loads as defined for preliminary and final design in 
Section 6.1.2 

Notes: 1.   This factor accounts for uncertainty in prediction and should be con- 
sidered a minimum                                         i 

2. The procedure for calculating dynamic loads for preliminary and final 
design is described in Section 6.1.2 

3. These forces are applied at ignition of other than the first stage 

h.       This factor brings full vertical forces down to coast levels 
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Figure 6.1. Equilibrium of Thrust Induced Loads 
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Quasi-steady load cases must be considered for every contin- 
gency of asymmetric firing for multiple engine sleds. 

b. Maximum Lift 

If maximum lift is not at maximum velocity, a separate load- 
ing condition should be specified with thrust factored by 1.9. 

c. Thrust Termination 

During burn and just before thrust termination, multiply 
maximum thrust by 1,9; react with predicted drag and axial 
acceleration loads required for equilibrium. Add slipper reac- 
tions necessary for moment equilibrium. 

Aerodynamic Lift 

Distributed aerodynamic lift forces are estimated for critical 
points in the trajectory. These should include quasi-steady choking effects 
but not oscillating loads. A factor to consider uncertainty should be used, 
depending on the estimated reliability of the predictions, but in no case 
less than 1.6. Slipper reactionforces should be added. 

Braking Forces 

The maximum applied braking forces, horizontal and vertical, 
should be multiplied by 2.2 to account for dynamic amplification and uncer- 
tainty in their prediction (see Figure 6.2). 

6.1.2 Dual Rail Sled — Dynamic Loads 

Dynamic loads are defined as those slipper reactions and distri- 
buted inertial forces which derive from the oscillatory response of the sled 
to rail roughness, motor transients, and aerodynamic oscillating loads. 
They are almost exclusively in the lateral and vertical directions.  (A tall 
sled may have some downtrack inertial loads due to pitch rotation.) 

The dynamic loads must be added to the quasi-steady loads in the 
"worst direction", i.e., in the positive or negative direction depending on 
which gives the worst internal loads. The dynamic loads described below are 
independent of velocity over the range of 750 fps to 2,000 fps. 

TVo methods are used for obtaining the dynamic loads, one for 
preliminary design and the other, used after a detailed structural model has 
been prepared, for final design. Both require that the sled be idealized as 
a central body and two springs which support that body on the track. For 
the preliminary design, the central body is assumed to be rigid. In the 
final design analysis, the modes of vibration of the central body are used 
in the dynamic response analysis (in SLEDYNE). 
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6.1,2.1 Preliminary Dynamic Loads 

The analyst s carts the design/analysis cycle by making esti- 
mates of the following sled parameters: 

Weight or Mass (M) 

eg Station 

Pitch Mass Moment of Inertia About eg (I) 

Slipper Beam Stiffness (Kf and KA) 

The slipper beam stiffness should be throught of as the vertical 
force which when applied to the slipper beam through the sled body supports, 
causes a one-inch deflection of the sled center-line. This is schematically 
illustrated in Figure 6.3. 

The next step is calculation of the Sled IMpact Parameter (SIMP) 
for the forward and aft slipper beams: 

M l1/2 
SBdP-F = 

SIMP-A = 

Forward Slipper Beam 

Aft Slipper beam 

where M and I are in mass units, and all dimensions are in inches. 

Figure 6.4 illustrates these parameters. The associated design 
slipper beam forces, Fp and F^, are found from Figure 6.5. FF is the slip- 
per beam force associated with SIMP-F and F^ with SIMP-A. 

tions: 
F„ and F. are combined to define two inertial loading condi- 

Case 1 

F„ + F 

M 
A/2 

91        ■ 

Pi       - 
77 

F.I A"A 

(in/sec ) 

(rad/sec  ) 
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Sled Center-Line 

F/2 
$   HZ 1.0" 

F/2 

Sled Body (Viewed Head-cn) 

ijiii -   tlijj r~ -Forward Slipper Beam 

\«. . .. mmm - —' 
im i Hin n 

R s F/2 

rrmftm 

R = F/2 

F causes sled center-line to deflect one inch (in 

the plane of the forward slipper oeam). 

KF = F/1.0 = F 

Figure 6.3 

flrmrn     A F rrmrr 

Figure 6.k 
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Case 2 

FF/2 * FA      ,. /  2, 
z2 = —*-jj       (in/sec ) 

(rad/sec ) 

Distribution of these preliminary dynamic loads over the sled 
structure is illustrated in Figure 6.6. These inertial loads are "full 
vertical" as referred to in Table VI. 

Preliminary design loading conditions may now be synthesized by 
proper combination of the quasi-steady and dynamic loads. For each critical 
quasi-steady loading condition (except thrust ignition at zero velocity 
where dynamic loads are ignored), at least two loadings must be examined — 
the quasi-steady loads plus each dynamic loading. The dynamic loadings must 
be added to the quasi-steady loads in the "worst" direction, i.e., so as to 
give worst internal loads. zj_ and 8^ should be both positive or both nega- 
tive, depending on which gives more severe loading, but should not be of 
opposite sign. If it is not obvious which direction gives worst internal 
loads, four loadings should be examined for each quasi-steady <ondition. 

Preliminary Lateral Loads 

Lateral dynamic loads must be combined with vertical loads at 
every design point, except thrust ignition at rest. For preliminary design, 
the same two inertial calculated force distributions for vertical loads, 
Case 1 and Case 2, should be applied laterally in the horizontal plane of 
the eg. 

Dynamic Braking Loads 

For preliminary design, dynamic braking loads should be taken as 
.7 of the full vertical, i.e., .7 of the Case 1 and Case 2 conditions de- 
fined above. 

6.1.2.2   Final Dynamic Loads 

When the design has progressed to a detailed configuration with 
structural members sized according to the preliminary design loads, a more 
refined dynamic analysis is necessary. This procedure is based on a dynamic 
analysis performed by SLEDYNE. The analyst proceeds as follows: 

1. Make a detailed finite-element model of the sled structure 
including distribution of the weight. This model must be 
related to the XI, X2, and X3 triad so that: 

a. X3 is vertical and positive upward; 
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Figure 6.6.    Tistribution of Preliminary Dynamic Loads Case 1 
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b. XL and X3 lie in the sled's vertical plane of symmetry; 
(the sled eg may be anywhere in the XI - X3 plane) 

c. A positive rotation about X2 is nose up, i.e., XL is 
positive aft. 

2. Restrain the model at the points where the sled body is tied 
to the slipper beams. The flexibility which is isolated out 
of the structure by these restraints is precisely that con- 
tributed by the slipper beam springs. The restraints should 
be "displacement-only" and should not restrain rotation, 
especially not about the X2 axis. 

3. Extract the eigenvalues of eigenvectors for the model and 
store them, and the geometry, on tape or punched cards. 

k.    Run the model at its maximum velocity over If,000 feet of the 
rail in SLEDYNE, i.e., set TIMEP * ^000/V"desi«n. Use six 

modes of structural vibration and .03 proportion of critical 
damping for each mode. 

Since SLEDYNE calculates sled responses to rail roughness 
alone, the results must be scaled to include the excitation 
of motor transients, transonic buffeting, etc. DFACF and 
DFACA are design factors which scale up the load vectors 
calculated by SLEDYNE for the forward and aft slipper beams, 
respectively. Values of DFACF and DFACA are given in Figure 
6.7. The analyst should request lateral loads from SLEDYNE, 
in which case the same loads will be added to the load vec- 
tors in the X? direction. DFACFL and DFACAL are the forward 
and aft scale factors by which the lateral force vectors are 
multiplied. 

5. Transfer the scaled load vectors from SLEDYNE to the struc- 
tural analysis program and combine them with the quasi- 
steady loads for the design stress analysis^. There will be 
four load vectors from SLEDYNE associated with the peak 
loads at the four slippers. Before running the stress anal- 
ysis the analyst must examine each SLEDYNE load vector and 
combine with it the quasi-steady loads in the direction 
which will give maximum internal loads. In ambiguous cases 
it is best to run two solutions for each SLH)YNE vector. 

^The structural model used for step 5 is restrained only at the slippers and 
df  not have the restraints which were imposed for the step 3 modal ex- 
tr«.  '.on. If lumped masses were placed along the slipper beams, their 
effect will be included in the load vectors from SLEDYNE. 
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6. Calculate the dynamic braking loads in SLEDYNE. Input the 
nominal quasi-steady braking forces (they become negative 
thrust and negative lift) and drag. Set DFACF, DFACA, 
DFACFL, and DFACAL to 1.0. The resulting dynamic force vec- 
tors are superimposed on the nominal quasi-steady braking 
forces multiplied by 2.2. 

6.2      Monorail Sled Structural Design Procedure 

Determination of quasi-steady loads for monorail sleds is dis- 
cussed in Section 6.2.1. Section 6,2.2 explains the method for definition 
of dynamic loads, first at the preliminary design level where the sled con- 
figuration is known only in a gross sense (Section 6.2.2.1). When struc- 
tural details and sizing are sufficiently defined so that a finite-element 
representation can be made, a more refined dynamic loads analysis is per- 
formed as specified in Section 6.2.2.2. 

Table V summarizes the overall design procedure for monorail 
sleds. 

6.2.1     Monorail Sled — Quasi-Steady Loads 

The following procedure pertains for both preliminary and final 
design analyses. 

Motor and Pusher Loads (Figure 6.8) 

a. Ignition 

At ignition of on-board motors and pushers, maximum thrust 
(or maximum transmitted force where sled is being pushed) should 
be multiplied by 2.0 and down-track acceleration applied to get 
inertial loads which equilibrate thrust. Include drag force and 
its moment if sled is in motion. 

Quasi-steady load cases must be considered for every contin- 
gency of asymmetric firing for multiple engine sleds. 

b. Maximum Lift 

If maximum lift is not at maximum velocity, a separate load- 
ing condition should be specified with thrust factored by 1.9 

c. Thrust Termination 

During burn and just before thrust termination, multiply 
maximum thrust by 1.9; react with predicted drag and axial 
acceleration loads required for equilibrium. Add slipper reac- 
tions necessary for moment equilibrium. 

Ok 
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TABLE V 

SUMMARY OF MONORAIL SLED DESIGN CONDITIONS 

Event Quasi-Steady Loads Dynamic 
Loads 

Thrust Ignition 

Max Lift 

Max Velocity 
(Burnout) 

Braking 

T x 2.0    3 

A Required for Equilibrium 

T x 1.9 
L x 1.61 

D 
A Required for Equilibrium 

T x l.Q 
L x 1.61 

D 
A Required for Equilibrium 

B x 2.2 
L x 1.61 

D 
A Required for Equilibrium with B x 2.2 

0. 

/Vert\3 

VLat / 

Vert 
Lat 

Vert 

k 
Vert x .? 

Lat 

Stress induced by these loads should be compared with allowable stresses.   Allowable 
L.ress for normalised *tl}0 steel should be the yield stress, with a safety factor of 
1.2.                                                                                                                                   Allowables 
for other materials will be defined at a later date. 

Key;       T     - All on-board and transmitted thrust forces 
L     - Lift forces due to choking and induced effects; should be distributed, 

if possible, for preliminary dcr.ign and must be for final 
D     - Drag 
A     - Down-track inertial force; should be distributed for preliminary design 

and must be for distributed for final design. 
B     - Braking forces; there will generally be both horizontal and vertical 

components 

Vert* Vertical dynamic lor. Is as defined for preliminary and final design in 
Section 6.2.2; these includes the effects of rail roughness, thrust 
transients and aerodynamic oscillating loads 

lat * lateral dynamic loads as defined for preliminary and final design in 
Section 6.2.2 

Notes:   1.       Till* factor accounts for uncertainty in prediction and should be con- 
sidered a minimum 

2. The procedure for calculating dynamic loads for preliminary and final 
design is described in Section 6.1.2 

3. These forces are applied at Ignition of other than the first stage 
*.       This /actor bn   s the vertical loads down to coast levels 
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Aerodynamic Lift 

Distributed aerodynamic lift forces are estimated for critical 
points in the trajectory. These should include quasi-steady choking effects 
but not oscillating loads. A factor to consider uncertainty should be used 
depending on the estimated reliability of the predictions, but in no case 
less than 1.6.    Slipper reaction forces should be added. 

Braking Forces 

The maximum applied braking forces, horizontal and vertical, 
should be multiplied by 2,2 to account for dynamic amplification and uncer- 
tainty in their prediction (see Figure 6.9). 

6.2,2     Monorail Sled — Dynamic Loads 

Dynamic loads are defined as tb<- e slipper reactions and dis- 
tributed inertial forces which derive from one oscillatory response of the 
sled to rail roughness and motor transients. They are of importance only in 
the vertical and lateral* directions. 

The dynamic loads must be added in the "worst direction" -- 
i.e., in the positive or negative direction depending on which gives the 
worst internal loads — to the quasi-steady loads for obtaining the design 
loads. 

Two methods are used for obtaining the dynamic loads, one for 
preliminary design and the other, used after a detailed structural model 
has been prepared, for final design. 

6.2.2.1   Preliminary Dynamic loads 

Preliminary dynamic loads are determined from a model in which 
the sled impacts the rail on one slipper. The impact velocity used for the 
design is determined from a prescribed set of curves as a function of sled 
forward velocity, an effective impact frequency, and lift-to-weight-ratio 
computed for each slipper. The effective impact frequency and the loads 
resulting from a specified impact velocity are determined from preliminary 
models of the sled. Two alternate procedures are presented. 

Procedure A 

This procedure is the easiest to use, but also tends to be the 
most conservative. If the slipper support structure is significantly stiff- 
er than the sled body, this procedure is misleading and should be skipped. 

The sled is idealized as a rigid body supported on springs 
(slippers and support structure). Loads are determined In the vertical and 
lateral directions so responses to both vertical and lateral impacts must be 
determined• 
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Figure 6,8, Equilibrium of Thrust-Induced Loads 
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figure 6.9. Application of Quasi-Steady Braking Forces 
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• Step 1 

Estimate the following parameters: 

Sled Mass, M 

Distance Between Center of Mass (cm) and Forward and Aft 
Slippers, IF, lA 

Pitch Moment of Inertia about cm, Ip 

Yaw Moment of Inertia about cm, Iy 

Vertical Stifftoess of Slippers and Associated Support Structure, 
KFV* KAV 

Lateral Stiffness of Slippers and Associated Support Structure, 

KFL» 
KAL 

Slipper and associated support structure stiffness can be deter- 
mined as shown in Figures 6.10 and 6.11. In Figure 6*10 the slipper is 
pinned to the rail; in Figure 6.U the slipper is constrained against trans- 
lations and roll moment. Stiffness is defined as the force in pounds which 
causes a one-inch displacement of the sled "main body" relative to the rail. 

Careful judgement should be exercised in determining the force 
which causes unit deflection of the sled center-line. Unlike dual rail 
sleds, which can be Idealized as a rigid central body and springs which 
support the body on the track, the flexibility of typical monorail sled 
bodies is on the order of the flexibility of the slippers. Significant 
flexibilities in slipper support structure which contribute to deflection 
between the sled 'Win body" and the track should be included in the calcu- 
lations. By ignoring flexibility of the sled body, the effective impact 
frequency will be overestimated and a conservative estimate of dynamic loads 
will result. 

• Step 2 

Calculate four values of the sled effective mass corresponding 
t furward (F) and aft (A) slippers impacting in vertical (V) and lateral 
(L) directions: 

M              -          M (lb-sec2/in) 

(lb-sec2/in) 

Kv            HL2 

N             -         M 

HT           K/A
2 
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Figure 6.10. Model for Computing Vertical Stiffness 
of a Slipper and Support Structure 
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Figure 6.11. Model for Computing Lateral Stiffness 
of a Slipper and Support Structure 
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*«er M ,g    (lb-sec
2/in) 

where M, Ip, and I„ are in mass units and all dimensions are In Inches. 

•  Step 3 

Calculate the effective Impact frequencies as follows? 

f- * * «£     (te) 

s? J* 

i /SI 

fAV   -   Sf   /5" (lfc) 
srrAV 

5riFL 

4 eff^ 

•     Step 1» 

Determine lift-lo-weight ratios distributed to each slipper, 
hffilf and I^AA» ** shown in Figure 6.12, for expected critical points of 
the trajectory. 

•  Step 5 

Enter the curves of Figure 6.13 with appropriate values of sled 
forward velocity, V, effective impact frequency, f, and LA*» to determine 
the design impact velocities, v_., v. f v_, and v..« For negative values 
of I^V use the value,      rv AV  n,    AL 

vor lateral Impacts use h/kl « 1« 
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Figure 6.1?.    Distribution of Sled Weight •«! lift Force 
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Figur« 6.13. Iapact Velocity for Monorail Sleds (Continued) 
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90-L Sled Velocity, V * 6,000 ft/sec 
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Figure 6.13. impact Velocity for Monorail Sleds (Continued) 
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90 Sled Velocity, V * 8000 ft/sec 
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Figure 6.13. Impact Velocity far Monorail Sleds (Continued) 

300    350 

/ 

N— -.♦ 
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Figure 6.1^.    Iaqpact Velocity fox* Monorail Sleds (Continued) 
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•  Step 6 

Compute the maximum slipper forces from 

F FV ■ 5- fJV vw Meff^ (lb) 

F 
AV = 5n f      VAV M 

AV 
(lb) 

F 
*FL = 5n fFL VPL MeffPT XL 

(lb) 

F 
= 5" fAL VAL Meff4r AL 

(lb) 

•  Step 7 

Compute the resulting acceleration responses which define four 
loading conditions: 

a. Case FV Forward Slipper - Vertical 

z^ = F^/M (in/sec2) 

2> 
\v = FFf¥J?  ^rad/sec ) 

b.    Case AV Aft Slipper - Vertical 

"2AV = FAV^    (Wsec2) 

2y 
«AV-'AVV1?   (rad/sec) 

c. Case FL Forward Slipper - Lateral 

zFL 
Ä F^/fo    (in/sec2) 

d. Case AL Aft Slipper - Lateral 

VALsFAL^    (Wsec2) 

2> 
\l*TMh   (^ad/sec2) 

Distribution of the Case FV inertial loads over the sled is il- 
lustrated in Figure 6.lit. 
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Figure 6.1U. Distribution of Case FV 
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Procedure B 

This procedure Is intended to provide improvement in estimating 
preliminary dynamic loads. 

• Step 1 

Construct preliminary simplified finite-element models of the 
sled with one slipper constrained (pinned for vertical; pinned and con- 
strained against roll moment for lateral) and the other slipper free, and 
determine natural modes and frequencies using a program such as STARB/NE. 

• Step 2 

Using a dynamic response program, such as DYNRE1, applying unit 
step velocity inputs to the constrained slippers and, for each case, com- 
pute: 

a. The force-time history of the contacting slipper, 

b. The contact period and the associated effective impact 
frequency. For this calculation, assume that the slipper 
leaves the rail when the contact force reverses sign, as 
shown in Figure 6.15. The effective impact frequency is 
f «c 1/2T. If the time of peak force, Tp^, is different 
from T/2 (Figure 6.15), compute an effective impact fre- 
quency based on the average, i.e., f « (l/^Hl/ST+l/^Tp^), 

c. The load distribution at the time of maximum slipper force. 

• Steps 3 and h 

Proceed with Steps ** and 5 or Procedure A to determine the im- 
pact, velocities, v^, vAy, v^, and vAI/ 

• Step 5 

Multiply the Internal loads associated with the four unit- 
velocity impacts, determined in Step 2, by the following factors: 

Case FV: 2.5 vw 

Case AV: 2.5 vAV 

Case FL: 
5-° VFL 

Case AL: 5-° VAL 

Bote that in this procedure, the internal loads (bending moaents, shears, 
etc.) are obtained directly« In Procedure A the external force distribu- 
tions must be converted to internal loads for sizing of the structure. 
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Preliminary Design Loads 

Preliminary design loading conditions may now be synthesized by 
proper combination of the quasi-steady and dynamic loads. 

Preliminary Vertical Loads 

For each critical quasi-steady loading condition (except thrust 
ignition i\t zero velocity whero dynamic loads are ignored), at least two 
loadings must be examined — the quasi-steady loads plus each dynamic load- 
ing. The dynamic loadings must be^adied in the "worst" direction, i.e., so 
as to give worst internal loads. z\ and Hi (i ■ FV, AV) should be both pos- 
itive or both negative, depending on which gives more severe loading, but 
should not be of opposite sign. If it is not obvious which direction gives 
worst internal loads, four loadings should be examined for each quasi-steady 
condition in the vertical plane. 

Preliminary Lateral Loads 

Lateral dynamic loads must be combined with vertical loads at 
every design point, except thrust ignition at rest. For preliminary design, 
apply the two lateral force distributions in the horizontal plane of the 
center of mass. 

Dynamic Braking Loads 

During braking a factor of 0.7 should be applied to the vertical 
dynamic loads calculated by the procedures of Section 6.2.2.1. 

6.2.2*2   Final Dynamic loads 

When the design has progressed to a detailed configuration with 
structural members sized according to the preliminary design loads, a more 
refined dynamic analysis is necessary. 

Vertical Loads 

This procedure is based on a dynamic analysis performed by 
SLEDYNE. The analyst proceeds as follows: 

1. Make a detailed finite-element model of the sled structure 
including distribution of the weight. This model must be 
related to the XI, X2, and X3 triad so that: 

a« X3 is vertical and positive upward; 

b. XI and X3 lie in the sled's vertical plane of symmetry 
(the sled cm may be anywhere in the XI - X3 plane); 

c. A positive rotation about X2 is nose up, i.e., XI is 
positive aft. 
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2. Restrain the model at the points where the sled body is tied 
to the slipper support structure. The restraints should be 
"displacement-only" and should not restrain rotation, espe- 
cially not about the X2 axis, 

3. Extract the eigenvalues and eigenvectors for the model and 
store them, and the geometry, on tape or punched cards. 

k.   Run the mode) at its maximum velocity over ^,000 feet of the 
rail in SLEDYNE, i.e., set TIMEF » ^000/Vdesign. Since, for 
monorail sleds, SLEDYNE calculates mean responses to rail 
roughness alone, the results must be scaled to adjust for 
peak response and to include the excitation from motor tran- 
sients, transonic buffeting, etc. DFACF and OFACA are de- 
sign factors which scale up the load vectors calculated by 
SLEDYNE. Set DFACF and DFACA equal to 2.5. 

5. Transfer the scaled load vectors from SLEDYNE to the struc- 
tural analyses program and combine them with the quasi- 
steady lr\ds for the design stress analysis*'. There will be 
two load vectors from SLEDYNE Associated with the peak loads 
at the two slippers. Before running the stress analysis the 
analyst must examine each SLBDYNE load vector and combine 
with it the quasi-steady loads in the direction which will 
give maximum internal loads. In ambiguous cases it is best 
to run two solutions for a SLEDYNE vector. 

6. Calculate the u/namic braking loads in SLEDYNE. A negative 
thrust time history is input with drag and lift tables. 
(The time history of lift will include the vertical braking 
force.) DFACF and DFACA are set to 1.6 to account for the 
absence of motor and pusher loads. The resulting SLEDYNE 
dynamic load vectors are superimposed on the quasi-steady 
loads which must include the quasi-steady braking loads. 

Lateral Loads 

Determine lateral dynamic loads assuming that they are a per- 
centage of the vertical loads. The percentage depends on the distance of 
the eg above the rail as shown in Figure 6.l6. 

1* 
The structural model used for step 5 is restrained only at the slippers and 
does not have the restraints which were imp sed for the step } modal ex- 
traction. If lumped masses are placed along the slipper beams, their 
effect will be included in the load vectors from SLEDYNE. 
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SECTION VII 

RECOMMENDATIONS 

The study has identified a number of areas which deserve future 
considerations and investigation. These areas are described in tho sections 
below« 

7*1      Measurement of Additional Sled Test Track Data 

As previously mentioned in Section 2.1, there is a great lack of 
information on sled test data concerning the nature of the sources of dynam- 
ic excitation and limited information on the response of sled to the 
sources. Specifically, three major sources of dynamic excitation were iden- 
tified in the study; unsteady aerodynamic forces, oscillating axial and lat- 
eral thrust forces and rail roughness. Data on the nature of these sources 
can only be obtained by test track measurements. Unsteady aerodynamic 
forces can be measured by proper placement of pressure transducers on the 
underside of sleds. Oscillating thrust forces can be measured by static 
firing tests and strain gaging the supports. Rail roughness profiles can be 
obtained by performing surveys and by the use of a test vehicle wh h has 
single dynamic characteristics. 

The dynamic response of sleds to these sources of excitation can 
be measured by strain gaging the slipper support structure of dual rail 
sleds, and by using load transducers in monorail sleds. Of prime importance 
is the measurement of lateral loads in dual rail sleds, for which no test 
data is available, as well as the overall collection of data for a wide 
range of sled configurations and trajectories. The present study can serve 
as a basis for evaluating this test data. The proposed sled design analy- 
sis procedures can only be verified and improved by a systematic collection 
and analytical evaluation of additional sled test data. 

7.2      Rail Roughness Measurements 

The only available information on rail roughness consist of W*0 
measurements over a U00 foot section of rail of the Holloman test track. 
Furthermore, they are measurements of only the height of the center of the 
rail. No measurements are available on horizontal roughness nor on rough- 
ness of the underside of the rail. These measurements are important to the 
assessment of the effect of rail roughness on sled dynamic behavior. Two 
methods for obtaining this data are described below: 

7.2.1     Survey 

A survey of various portions of the Holloman track can be per- 
formed using conventional surveying practices.   Two instruments are required 
to conduct this sur/ey, aKU Aragon No» 71*1010 Jig Transit and a K k E 
Paragon No« 71-3010 Tilting Level.   The items are similar to normal survey- 
ing type Instruments, but are an order of magnitude more accurate.   The sur- 
vey method is described below. 
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For establishing reference markers at approximately 100 foot 
intervals along the track, two instruments would he used. The first for 
establishing a longitudinal reference line would be a jig transit or a 
theodolite with an optical micrometer. The second for establishing the 
vertical reference manuments would be a precision tilting level with an 
optical micrometer with associated scales. A lateral slide mounted on a 
tooling fixture support would facilitate the operation. These same instru- 
ments can be used for measuring the profile and alignment of the rails. 

First the longitudinal reference line is established with the 
jig transit by backsighting on a poinj, plunging the instrument and estab- 
lishing the foresight point (Figure 7.1). Then the instrument is rotated 
l80° and backsighted in the plunged position, then plunged again to deter- 
mine another foresight. If thare is a difference in the foresight posi- 
tion this is split and the telescope moved in azimuth to align on the 
corrected foresight reference. In this case the lateral offset from the 
center-line of the rails must be identical. 

With the jig transit set up and aligned on the longitudlred. 
reference line the tooling bar is pushed toward the rail and measurements 
are read on the seals with the jig transit and optical micrometer (Figure 
7.2). 

For measuring vertical heights of the underside of the rail 
flange, the indicator is pushed up until It touches the underside of the 
flange and the dimensions on the scale attached to the indicator are read. 
To measure the rail edge v? rtical height, point A is aligned with the rail 
edge and the scale is read with the optical micrometer (Figure 7.3). 

To measure vertical heights of the top of the rail, scales with 
pointers are used and dimensions on the scale are lead with the optical 
micrometer (Figure 7.**). 

The optical micrometer attached to the jig transit or tilting 
level makes it possible to read directly to .001 inches for distances up to 
100 feet (Figure 7.5). First the transit, or level is aligned or leveled 
and the optical micrometer set to zero. The cross hair normal to the scale 
will read between two numbers (1.6 and 1.5 in the example). Next, the 
optically flat glass of the optical micrometer is turned through some * igle 
until the line of sight is moved to bring the cross hair to coincide w*sh 
the reference dimension on the scale. In the examples shewn (Figure 7.5) 
the micrometer reads .0^+7. Then the total measurement made is 1.50 + .0Ü7 
or 1.5^7. Actually the micrometer has a vernier on its graduations so that 
it is possible to make readings within .000b inches, but this is not pos- 
sible over 10-12 feet. 

These readings should be repeated several times and averaged for 
minimization of measurement errors. 

7.2.2     Test Vehicle for Measuring Rail Profile and/or Rail Roughness 
Excitations 

As Indicated previously the only data available on rail profiles 
for determining rail roughness excitations corresponded to measurements on a 
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Longitudinal Reference Line 

Figure 7.2 Tooling Bar 
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400 foot section of rail taken at the top surface center-line. Typically, 
the sled rides on the bottom surface of the rail due to high lift forces. 
Moreover, it is important to know the rail profile at typical contact 
points, generally near the corners of the rail. No data was available on 
lateral rail profiles. 

An attractive approach for determining rail profiles and/or rail 
roughness excitations makes use of a test vehicle having simple dynamic 
characteristics. The measurement technique is to infer rail profile and/or 
rail roughness excitations from a set of dynamic response measurements. 
This approach would facilitate rapid measurements over long distances of 
rail, and could also be used to assess rail conditions periodically for 
changes in profile due to wear, deterioration, etc. 

Figure 7.6 shows the basic concept. It involves a towing vehi- 
cle and a test measurement vehicle. The test vehicle is towed by a long 
light-weight tow bar to minimize loads induced by the towing vehicle. 

Tht test vehicle is a simple rigid structure which can be ideal- 
ized by a single dynamic model. The slipper would have mean/; for varying 
stiffnesses, as shown in the figure. This particular concept makes use of 
a set of inserts connected to the main slipper body by springs« Various 
measurement concepts are related to the stiffnesses of the slipper springs. 

Approach No. 1 

This approach makes use of a very complient slipper. Instrumen- 
tation consists of a biaxial accelerometer to measure test vehicle response, 
and relative displacement transducers located between the main slipper 
structure and each insert. Displacement response of the vehicle center of 
mass is determined by double integration of the acceleration time history. 
The resprnse at a particular insert or rail location is then determined 
from the geometry. Differences between these responses and those measured 
by the displacement transducers give the local rail profiles. 

Approach No. 2 

This approach makes use of complient slipper springs at each 
location around the rail except at one location at whose profile is desired. 
At that location, the slipper spring is very stiff. The response will be 
dictated by the stiff spring, and the vehicle will respond to the desired 
profile. The basic approach is to determine the acceleration response his- 
tory and to infer the desired rail profile through double integration. 

A possible variation on the preceding approaches uses a laser 
beam as a fixed reference for measuring displacement response of a servo- 
controlled sensor on the sled body. This approach has been used success- 
fully for measuring runway roughness. It eliminates the loss of accuracy 
associated with double integration of an acceleration response. 

The foregoing represent possible rail measurement approaches 
using a special test vehicle. It is expected that other promising varia- 
tions of these approaches also exist. 
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7.3      Sled Impact Tests 

The previously described impact model for predicting rail rough- 
ness dynamic loads, substantiated by flight data, suggests the use of sled 
drop tests as a simple and useful test approach. Possible applications are 
as follows: 

1« Development and Analysis 

a. Experimental verification of analytical models and dy- 
namic response predictions for typical rail-induced sled 
loads, using improved instrumentation under laboratory 
conditions. 

b. Calibration of flight instrumentation. 

c. Aid in interpretation and correlation of flight data 
by providing a base for comparison. 

d. Development tests in conjunction with sled structure 
optimization and soft slipper development. 

2. Acceptance Testing of New Sleds 

Laboratory acceptance testing using simulated rail-induced 
dynamic loads provide obvious advantages over flight tests. 

Several possible test approaches are described. Figure 7.7 
shows two approaches in which the sled is dropped directly on the rail. 
Special slippers without lips would be required. Figure 7.7 (*  -orresponds 
to the previously described analytical impact model. The soft  I is used 
to minimize loads on the "free" slipper. Figure 7.7(b), whi'- appears to be 
somewhat simpler, may also be adequate, although further an* -ysis is re- 
quired to e,raluate this approach. 

Figure 7.8 illustrates an indirect impact approach in which the 
sled is mounted on a rigid support block which is dropped. Test configura- 
tions for both vertical and lateral loads are shown. 

The drop heights required to simulate rail-induced dynamic loads 
are surprisingly small. For example, for the Instrumented Monorail sled at 
U,000 fps, the impact velocity is approximately 60 in/sec, corresponding to 
a drop height of about five inches. A typical drop height required for dual 
rail sleds is one inch. 

J*k Soft Metal Slippers for Reducing Dynamic Loads 

The previously described analytical models for predicting dynam- 
ic loads due to rail roughness, substantiated by flight data, indicate that 
these loads can be greatly reduced by reducing the stiffness of the slipper 
and/or support structure so as to reduce the effective impact frequency of 
the sled (Section 3.2). The small additional compliance required for sub- 
stantial load reduction permits the use of "soft" metal slipper. A possible 
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design approach is the use of elastic metallic devices such as Bellville 
springs or other compact springs between the slipper inserts and the slipper 
structure. Bellvilles are attractive because they would also provide bene- 
ficial damping. 

A significant, and rather surprising consequence of properly de- 
signed soft metal slippers is that they would produce little, if any, in- 
crease in rail-roughness-induced dynamic deflections of ihc sled, although 
deflections due to quasi-steady loads would increase. In effect, as slipper 
stiffness is reduced, so also are the rail roughness loads, in such a manner 
that the dynamic deflections remain essentially constant. 

Reduction in rail roughness loads is considerably more signifi- 
cant in monorail than in dual rail sleds, although the use of soft slippers 
would be beneficial in both. In monorail sleds, rail roughness loads have 
been shown to be as high as ten times quasi-steady loads; in dual rail sleds 
they are typically of the same magnitude. The influence of reduced sled 
frequencies on response to other dynamic excitations, such as oscillating 
aerodynamic and engine burning loads, cannot be assessed at this time, due 
to lack of information on these excitations. 

Reduction in rail roughness dynamic loads would aid in the 
attainment of increased monorail sled velocities. Lower dynamic loads would 
permit lighter and more efficient sled structures. Also', reduced dynamic 
slipper loads may reduce slipper wear. 

The conclusion that little, if any, increased dynamic deflection 
would result can be shown with the simplified impact model of Section 3.2.1. 
The maximum slipper force can be expressed by 

»« = 2nfvMeff (7-X) 

where f is the effective impact frequency, v is the impact velocity, and 
Mgff is the effective sled mass for impact on one slipper. The impact 
velocity curves of Figure 3«H, Section 3«2.1, indicate that, for a partic- 
ular sled velocity and lift-to-weight ratio, v is approximately proportional 
to f, i.e., 

V t: Cf (7.2) 

where c is a constant of proportionality. Substitution of *„his relation 
into Equation (7.1), with the effective impact frequency equation, 

F_. = Zncf2^ = f (7.4) 

gives the result 

where K is the slipper and support structure stiffness. 
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Equation (7.*0 shows that the maximum slipper force is directly 
proportional to K, and that the maximum slipper deflection is 

Ws % - A <7-5> 
which is, indeed, approximately constant and independent of K. 

The added compliance that would have to be built into a "soft" 
metal slipper for a substantial reduction in rail roughness loads is illus- 
trated by the following example for the Instrumented Monorail sled: 

At *t,000 fps, the average peak vertical dynamic force in the 
forward slipper is approximatel;- 17,000 pounds* Consider the compliance 
necessary to reduce this force to 1,700 pounds, the approximate quasi-steady 
lift force on the forward slipper at U,000 ft/sec* The forward slipper and 
support structure stiffness is. based on the finite-element model of Figure 
3.12, Section 3.2, K * 5.53xlo5 lb/in. This would have to be reduced to 
5.53x10** lb/in, reducing the effective Impact frequency from 312 Hz to 
approximately 99 Hz. The resulting maximum slipper and support structure 
deflection for -she 1*700 pound force would be 0.031 inch, of which 0.028 
inch would have to be provided by the additional compliance built into the 
"soft1* slipper. Approximately twice this deflection capability would be 
required to handle both the dynamic and quasi-steady lift forces. 

Soft slippers provide an attractive approach for investigating 
other dynamic excitations such as oscillating aerodynamic and engine burning 
loads. A sled subject to such excitations could be flight tested under a 
set of conditions differing only in slipper compliance and hence, sled fre- 
quencies. By subtracting out the known rail-induced response as a function 
of effective Impact frequency, it would be possible to determine tie re- 
sponse due to the other excitations. It may also be possible to reduce the 
rail-induced loads to such low levels that the only significant excitations 
would result from the other sources. 
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SECTION VIII 

CONCLUSIONS 

The objectives listed in Section 1.2 of this report have been 
achieved. The end result of the study is the establishment of new design 
analysis procedures for a wide range of dual rail and monorail sleds. 
These design procedures (Section 6.0) have been written in a manner such 
that they can be removed from the report and used as design criteria for 
future sled designs« It should be recognised that these procedures are 
based upon a very limited amount of test data and are not intended to be 
all encomposing and forever fixed. Rather, they have been formulated with 
the Intention that they can and will be refined and improved as more sled 
test data and associated analyses become available. It is hoped that they 
will form the basis of a new rational method of designing sleds. 

The study has pointed out the major areas for which more test 
data and supporting analyses are required. In addition» means of improv- 
ing sled designs have been suggested and a method of verifying the struc- 
tural adequacy of sleds, by test, has been proposed. 
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APPENDIX I 

SLEDYNE USER'S GUIDE 

1.1 Introduction 

The SLEDYNE program is a tool for the structural design of 
rocket propelled test sleds. The program computes the time history dynamic 
response of a monorail or dual rail sled traveling along a track which has 
roughness characteristics based on test data. Input includes time histories 
of thrust, lift and drag. Results are in terms of slipper forces and sled 
accelerations. 

The  sled may be idealized as a lumped mass two-degree-of-freedom 
system or may be further defined by special mode shapes and frequencies. 
Their inclusion permits a more refined definition of the inertial loads and 
leads to more detailed internal structural loads. 

SUEDYNE is compatible with the MRl/STARDYNE proprem and other 
contemporary finite-element programs. The format of the tape used for in- 
puting the modal data is provided in Section 1.3« Please refer to Figure 1 
for SLEDYNE Program Flow. 

The program creates a printer plot file which plots slipper 
forces versus time in addition to printed output. 

For the sled designer, the most important SLEDYNE output is a 
set of force vectors. These are factored inertial forces acting on those 
nodes of the sled model which have limped mass. The vectors correspond to 
instants of time when slipper forces are greatest. The factors by which the 
vectors are scaled are input by the user. In monorail sled analysis, the 
program llso scales the force vector so that it corresponds to the average 
peak slipper force in .1 second intervals. This is explained in the mono- 
rail design procedure. In all cases, the load vectors include only dynamic 
loads even though quasi-steady loads may have been involved in the response 
analysis• 

INPUT OUTRJT 

Sled Properties 

(Mode Shapes)* 

SLEDYNE 

Lift I 
Drag >vs Time 
Thrust» 

[Rail Roughness  * 

:.:r.v;;*v.; 
[Dynamic Response i 
,   Analysis   j 

Slipper Forces    . 
Rigid Body       I vs 
Accelerations   iTime 

Modal Accelerations [ 

Inertial force vectors at 
times of maximum dynamic 
slipper forces  

•Optional 

Figure 2.    SIZDYNE Program Flow 

r 
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1.2 

1) 

SLEDYNE USER'S GUIDE - CONTINUED 

SLEDYNE Input Format 

Card Number 1: Sled Description (Up to 80 characters) 

USER SUPPLIED DESCRIPTION OF RUN 

Card Number 2: Monitor Maximum Displacements, Set Symmetry 

Indicator 

If a TAPE** is not available containing geometry and mode 
shapes, insert a blank card here and continue to card 
number 3. 

2) 
6   11   12,   17.   ia   23.   gjji   2Q   3Q   35.  36 

NNDS Nl Dl N2 D2    N3 D3 nk Dk 0 N5    D5 

W) (I5)(I1)CI5)(I1)(I5)(I1)(I5)(I1)(I5)(I1 

ISYM 

TT^T 

1 
DTFAC 

F3n.o; h. 
NNDS s Total number of displacement variable? to be monitored 

for maximum displacement during run.  (taximum allowed 
is 5.) Leave blank if none are to be checked, and look 
at ISYM flag. 

Nl-NS 
' ■ Node and DOF numbers of displacements which are to be 
5  monitored. Ni is the node number. Di is the DOF which 

must be either three (vertical) or five (pitch). 

ISYM » 1, If model on TAPE1* is a symmetric half of real struc- 
ture. 

= 0, If full model is on TAPE**, 

DTFAC «If non-zero, is multiplied by the internally calculated 
minimum integration time step. 
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SLEDYNE USER'S  GUIDE - CONTINUED 

Card Number 3: Choose Card A or B 

Card A (conditional): If geometry and mode shapes are to be 
input, card A must be input. If mode shapes are not to be used, please 
ignore this card and supply only card B. 

CAUTION 

The information on this card corresponds to the mode shapes picked 

from those available on tape« (Format of the modal data tape is 

described in Section I «3)« The program will choose the first 

"NMQDES" modes which have an X5 participation factor greater than 

X2 or XI participation factors, i.e., the vertical modes. All 

"NMQDES" modes are used when symmetry flag has been set ■ 1 

(See card 2). 

Card A NM0DES 

ia i8 2k 
PCDl PCD2 PCD3 1*1 PCB5J 

JQ 

PCI* PCD5 PCD6 

(16) (P6.0)(F6.0)(P6,0)(F6.0j(F6.oy(F6.0> 

NM0DBS « Number of modes (vertical only) which are to be used 
for the response analysis. A maximum of six modes is 
allowed« 

PCDl 
through 
PCD6   » FCD^ is the proportion of critical damping to be 

applied to the ith vertical mode. .03 gives "3 per- 
cent critical damping." 

OR 

Card B    This card must be supplied only when geometry and mode shapes 
are not input 

48 

w S3 I 
(EL2.0) (E12.0) (E12.0)        (KL2.0) 

W . Sled weight (lbs.). 

IYY        « Pitch inertia about eg (lb.-in.2). 
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SLEDYNE USER'S GUIDE - CONTINUED 

Card Number k:  This card indicates the type of sled being simu- 
lated, flags for printing and plotting, and design factors for output 
forces. This is the first card of multiple case data. 

TYPE 
V* ia 

jV|IPL0T 

WTioT 

-5a 
IPRINT^HDFACF 

m (6x 

W 
DFACA 

6Q 

DFACFL 

(4E12.0) 

jza 
DFACAL 

TYPE  = Punch "M0N0" in columns 1 - k  if this is a monorail 
sled, 

Punch "DUAL" in columns 1 - k  if this is a dual rail 
sled. 

IPL0T  a 1, Printer plots of slipper forces versus time will be 
created on T*.PE8. 

=0 (or blank), No printer plots. 

Note: When printer plots are created, the disk file, 
TAPE8 must be rewound and copied to OUTPUT — see 
SCOPE control cards, Section I.5*k 

DFACF 
DFACA 

IPRINT = 0 (or blank), No printout of slipper forces and modal 
accelerations. INPUT, maximum forces, and inertial 
lc^ads will be printed always. 

= 1, Slipper forces, vertical pitch and modal accelera- 
tions will be printed at each instant of time where 
a slipper force was a local maximum or minimum or 
entered or left the gap. 

= 2, Only slipper forces will be printed. 

• Design factors by which inertial force vectors are to 
be scaled before being output. DFACF scales vectors 
associated with peak forward slipper forces and DFACA, 
those from aft slipper peaks. ("See design proce- 
dures. ) 

If these factors are nonzero, lateral forces (X2 
direction) will be included in the output inertial 
force vectors. The vertical forces corresponding to a 
forward slipper peak will be scaled by DFACFL and 
added to the output vectors in the lateral direction. 
DFACAL will be used similarly for vectors associated 
with aft slipper peak forces. 

DFACFL 
DFACAL 
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SLEDYNE USER'S GUIDE - CCNTINUED 

Card Number 5: This card and Card Number 6 are used to input the 
sled parameters. Please refer to Figure 2 on the following page for a sche- 
matic« 

ia 
EPS 

Jk 
*D 

48 

hj 

Ä 

(E12.0) (E12.0) (E12.0) (E12.0) (E12.0) (E12.0) 

EPS 

he 
hD 
hip 

1 

lc 

= Slipper gap (in.). Current standard value is .125. 

= Height of eg above rail head (in.)• 

= Height of drag force. 

= Height of thrust force. 

= Distance between fore and aft slippers. 

e Distance from forward slipper to eg. 

Card Number 6; 

f V     KF I  KA I 
(E12.0) (E12.0) (E12.0) 

TIME  PCDZ 5 JA 
PCD9 

E12.0) (E12.0) (E12.0) (E12.0) (E12.0) (E12.0) 

«A 

TIME 

PCDZ 
PCD9 

Sled velocity in ft./sec. 

Forward slipper beam stiffness (lb./in.). 

Aft slipper beam stiffness (lb./in.). 

Dual rail sleds: Ky.K^ should be input as twice the 
value of an individual forward or aft slipper. 

Total time of run in seconds (time should be large 
enough to send the sled over a distance of at least 
4,000 feet, i.e., DIST - TIME x V > 4,000 feet. 

Proportion of critical damping for vertical and 
pitch "rigid body" modes. Recommended value is 
• 05 for both. 
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SLEDYNE USER'S GUIDE - CONTINUED 

TABLES OF TIME VARIABLES 

Four parameters may be input as time dependent. Linear inter- 
polation is used. The tabular input format also allows straight line and 
constant inputs« 

Table 
1 
2 
3 
k 

Description 
Drag versus time 
Thrust verarus time 
Lift versus time 
Center of lift versus time 

The tables must be supplied in the above sequence. The formats of the cards 
in each table are described below. A blank card must follow this set of 
data. (See Figure 3•) 

Straight Line or Constant Incut 

9 J£    2k 36    hi 

(19) (3X) (E12.0) (E12.0) (KL2.0) 

HUM   m Table number (must be 1, 2,  3, or 4). 
QINT   ■ Value of ordinate at time « 0.0. 
SLP   m Slope of line — when slope ■ 0.0, the parameter is a 

constant with value of "QINT." 

Arbitrary Input 

NUM 

I ia   g4 -51 
QXNT 0.0 

(19) (W (S12.0) (E12.0) (H.2.0) (Q2.0) (E12.0) 
M To 

NUN 

WC 

QJM 

Table number (must be 1, 2, 3, or 4). 

Word count required to read the table 
WC « 2 (NBAIRS) + k. 

* Number of inter/ils in this curve 
QINT « Wkim  - 1. 

Beginning in columns **9 to 60, all the time values are input on 
this card and subsequent cards, followed by all the ordinate3 
shown on the care b*low (— for four pairs). 
Tl -?N?AIR3 s Abscissa values (time points for this parameter). 
Y1~VN!*IRB * Ordinate values (values of drag or thrust, etc., 

at corresponding time point). 

34 
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Card 

SLEDYNE USER'S GUIDE - CONTINUED 

9 13 *            36            ^ 60 1      71 •K o.o|       o.o|       0.0 0.0 0.0 ID 

II                     1                      1                      1 

■K lO.ol          2.o|          0,0 0.0 .01 ID      1 

I                      1                      l                       l » 

|        .05 O.Ol 20000,      30000. ID 

1              1 

>K O.OJ    8000.  j      500. 

'K o.ol      72.0I       0.0 1       1 
II                       1                       1                       i 

1          ° 3 1      1 
Card 1    Table number 1: Drag force is 0.0 
Cards 2,  3 Table number 2: Thrust has three values start at time * 0.0 to 

time ■ »3? 

Card k Table number 3: Lift is a straight line with value at time »0.0 
of 8,000 pounds and increasing at 500 pounds/second. 

Card 5    Table number k:  Center of lift is constant 72.0 over all time. 
Card 6    Blank card supplied to terminate reading of tabular data. 

Figure 3. Sample Curve Data 
(Illustrative of All Curve Types Allowed) 
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SLEDWE USER'S GUIDE - CONTINUED 

SLEDYNE Input Formats 

A SLEDYNE case will start execution after all tabular data has 
been read« Subsequent cases will be read starting at card number 3 of a 
new group. 

^ 
£ 

C 

( 

c 
^ 

Begin New Case 
Cards h to 6 

Blank Card Ending Tables 

Tables 1 to k 

Cards k  to 6 

Cards 2, 3 

/     Sled inscription Card 

SCOPE Control Cards See Section 1.3 

Figure k . SLEDYHE Deck Setup 
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1.3 

SLEDYNE USER'S GUIDE - CONTINUED 

Geometry and Modes Tape Format 

The sled finite-element model geometry, and mode shapes gener- 
ated by a STARDYNE HQR run are required input to SLEDYNE. They are located 
on file 1 (GEOMETRY) and file 2 (MODES) of TAPE**. A description of the 
necessary information from those files is presented below« The user of 
SLEDYNE will find this information helpful if STARDYNE is not the finite- 
element program used to create the modes. The follw ing data may be input 
on cards and copied to TAPE1* prior to executing SLEDYNE. (See Section 1.3.1* 
for necessary control cards.) 

1.3.1 Geometry File 

Card Number 1: This card is always read by SLEDYNE from TAPE1«. 
If this card is not available, then the program does not try to read any 
additional information about geometry or modes. 

Y//////Ä GEjfrETHY NHI 

GE0METRY * Punch GEOMETRY in columns 1-8. 

NHI    B Maximum node number. 

NJT    m Number of defined nodes. 

NWT    = Number of nodes with weights. 

Card Number 2 

GEOMETRY DESCRIPTION CARD 

 Um  
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SLEDYNE USER'S GUIDE - CONTINUED 

NODES: The node point coordinates are read according to the 
formats below — all nodes must be in a global coordinate system, (fpjjf the 
nodes with weights must be input to SLEDYNE, 

A) 

First Card 

7Ä5T 

N0DES   s Punch N0DES in column? 1-5. 

n 

B) 

JT 

XI 
X2 
X5 

■ Node number. 

(Node coordinates in global cartesian system. There 

will be "NJT" of these cards. (See Geometry card.) 

C) 
Last Card 
of NODES 
Table 

A) 

First Card 

■*\/////////////////Ä 
7i57 

-99 Punch -99 in columns 1-3« 

WEIGHTS \77///////////////A 
TäTT 

«SIGHTS « Punch WEIGHTS in columns 1-7. 

M-  ^9 39 29 £L 
B) 

ajj ii ga » jo 
/y] JT I    WX1    I    WX2    s    w*3    |    W01    || We2 W9J 

(2X) (IM (Fll.O) (Fll.O) (FU.O) (Fll.O) (Fll.O) (Fll.O) 

JT     m Node number. 

Weights. 
WXi 
WX2 
W3Ö 

wei 
was 
W93 

There will be "NWT" of these cards. (See GEOMETRY card.) 

Weight rotary inertias. 
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SLEDYNE USER'S GUIDE - CONTINUED 

C) 
Last Card 
of WEIGHTS 
Table 

1.3.2 

■ä<///////////////////A 
T13T 

-99    = Punch -99 in columns 1 - 3. 

Modes file 

Card Number 1: This card indicates the number of mode shapes 
(displacement vectors) to follow. 

Egg if/////////A 
RVEC Number of vectors to follows. 

Mode Shapes: There must be "NVBC" of these tables punched. 

A) 

First Card ™y/////////777Ä-\ 
DISP ■ Punch DISP in columns I - h. 

B) 
(13)  (P17.0) (F13.0J 

CASE N0. * Static case number or mode number. 

For Eigenvectors Only: 
FEBQUBICY m Eigenvalue in CPS. 

GEM. VT. • Generalized weight. 

03      m anticipation factor. 

C) VECTOR OUTPUT DECK 

This is the eigenvector/displacement array, written in the 
DECRDN format. All cards must have the same "DECRDK" type. 
(See DBCREK Description, S' ition 1.3.3.) 

Last Card 
of VECTOR ■ä//////////777Ä 

T13) 
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1.3.3 

SLEDYNE USER'S GUIDE - CONTINUED 

DECRDN Format for Displacement Vectors 

Subroutine DECRDN provides a convenient way for the user to 
enter floating point numbers into an array. The numbers are placed in their 
proper position in the array by specifying the relative array location (LOC) 
for the first data word of each card. The second data word on the card will 
be placed into array location LOC + 1, etc. Depending upon *he accuracy 
desired, the user may select individual card formats reanging from three to 
six data words per card» 

The relative location feature minimizes the number of cards re- 
quired to enter sparse arrays and also eliminates the possibility of error 
due to cards being out of order, A minus punch must be placed in column 1 
of the last data card in order to "terminate" the DECRDN read. 

dd 
Acceptable Card Formats for DECRDN 

1a 
L0C 

J§ 80 

ID (not used) 

* 
Data Field (60 columns) 

Relative Location in the Array of First Word in Data Field 
(110, right justified, see formats below) 

Type (II, see types below) 

A Minus in Column 1 Kill Cause This Card to be "TERMINATOR" Card (II) 

Data Field Card Columns 
Ty^e Format Per Data Word 

3 3F20.0 20 
k 4FV5.0 15 
5 5F12.0 12 
6 6F10.0 10 

*J 6F10.0 10 

general 

Cards may appear in any order. Card types will be read suc- 
cessfully even when intermixed. 

The minus sign (terminator) may be coded into either column 
It 3, *, 5, 6, 7, 8, 9, 10, or 11. 

•Special: If type "J" is specified, the relative location (I) in the array, 
of the first word in data field is computed by DECRDN as: l.(L0C-l)x6+l. In 
effect, LOC becomes a node number and the 6 words in the data field are: XI, 
X2, X3, Xfe, 7$,  ana X6 terms. (See the following page for a DECRDN exam- 
ple.) 
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I.3> Control Data SCOPE Control Cards 

.r 

SLETYNE to: 
The SCOPE control cards, given below, will enable the user of 

A. Create SLEDYNE program (executable absolute) from source 
card input,, (save on tape name "SLED.") 

B. Execute SLEDYNE using a TAPE** created by a STAR HQR run. 
(Program on tape name "SLED.") 

C. Execute SLEDYNE using geometry and modes data input on 
cards. (Program on tape name "SLED.") 

A. Create an Executable SLEDYNE Program from Source Cards 

(Al) CDC DATA CBtTSRS 

Card 
1 $CHARGE, 
2 SLED(CM1^000,CL150000,TP1,P?,T200) 
3 REQUEST,SLED,HI.  (SAVE,RING,PR) 
h  RFL,70000. 
5 rE!f(0PT«l,R«2) 
6 RFL,150000. 
7 SET(l) 
8 mP(EART) 
9 L0AD(LG0) 

10 N060. 
11 UNLJfcD(SLED) 
12 (7/8/9) (SCOPE end of record) 

j    0VERIAY(SLED,O,O)      \ 

((Above card begins in col.T^))) 

jSLEDYNE Source Deck! 

13.(6/7/8/9) (SCOPE end of fil<0 

(A2) KIRTLAND A.F.B. 6600 

Card 
1 SLED,T200,CML50G00,P2. 
2 TASK(NAME,ACCT. N0.,MRI) 
3 RBQUEST,SI^.(ji_,RINGIN,MRI_b_,N) 

a ■ Tape number allocated 
b ■ MRI code number 
N = Name of tape requestor 

h  RfL,70000. 
5 FTN(0PT=l,R-2) 
6 RFL,1500CK). 
7 MAPfiÄRT) 
8 L0AD(LG0) 
9 N0G0. 
10 (7/8/9) (SCOPE end of record) 

j 0VERIAY( SLED, 0,0) j 

((Above card begins in col. (?))) 

JSLEDYNE Source Deck! 

11 (6/7/8/9) (SCOPE end of file) 
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1.3.*+     CONTROL DATA SCOPE CONTROL CARDS (CONT'D) 

B.    Execute SLEDYNE Using TAPEfr Created by a STAR HQR Run 

(Bl) CDC DATA CENTERS (B2) KIRTIAND A.F.B. 6600 

Card Card 
1 $CHARGE,  .                  1 1 SLED,T5OO,CM15O0OO,P2. 
2 SLED(CMlV000,CL150000,TP2,P6,T500) 2 TASK(NAME,ACCT. N0.,MRI) 
3 REQUEST,SLED,HI. (xxxx,N0RING) 3 REQUEST,SLED.(  ,RING0UT,MRI ,N) 

A  REQUEST,TAPE*+,HI. (XXXX,N0R1NG) *k  REQUiST,TAPE^.'Q,RING0UT,MRI—,N) 
5 RFL,150000.                   ' 5 RFL,150000. 
6 SLED. 6 SLED. 

**7 REWIND(TAPE8) **7 REWIND(TAPE8) 
**8 C0FYSBF(TAPE8,0UTFUT) **8 C0PYSBF(TAFE8,0UTFUT) 

9 (7/8/9) (SCOPE end of record) **9 (7/8/9) (SCOPE end of record) 

|SLEDYNE Input Data) (SLEDYNE Input Data) 
(  (Section A.2)  j j  (Section A.2)  j 

_lp (SJlJQj9) .(SCOPE^end^of filej 1°. (6/J/8/2)_ (SCOPE end of f ile) 

♦Card number k  is optional, i.e., it is only required when inertial forces 
are to be calculated. 

**Cards 7 and 8 are needed only when printer plots of slipper forces are 
requested. 

C.    Execute SLEDYNE Using Geometry and Modes Input on Cards 

(Cl)  CDC DATA CENTERS (C2) KIRTIAND A.F.B. 6600 

Card 
1 $CHARGE, 
2 SLED(Cm^0O0,CU50000,TP2,p6,T5OO) 
3 REQUEST,SLED,HI.   (xxxx,N0RING) 
h C0PYCR(lNRJT,TAPEl+,2) 
5 REWIND(TAPEU) 
6 RFL,150000. 
7 SLED. 
8 REWIND(TAPE8) 
9 C0PYSBF(TAPES,0UTPÜT) 

10 (7/8/9) (SCOPE end of record) 

(GEOMETRY (A.3.1) 
{End with 7/8/9 card 

MODES (A.3.2) 
(End with 7/8/9 cardj 

IsLEDYNE Input Data) 
((Section A.2)    j 

11 (6/7/8/9) (SCOPE end of file) 

Card 
1 SLED,T500,CM150000,P2. 
2 TASK(NAME,ACCT.N0.,MRI) 
3 REQUEST,SLED.(_,RING0UT,MRI__,N) 
h C0FYCR(INPUT,TAP&,2) 
5 REWIND(TAPEk) 
6 RFL,150000. 
7 SLED. 
8 REWIND(TAPE8) 
9 C0PYS3F(TAPE8,0UTPUT) 

10 (7/8/9) (SCOPE end of record) 

(GEOMETRY (A.3.1) 
End with 7/8/9 card) 

MODES (A.3.2) 
End with 7/8/9 cardj 

I SLEDYNE Input Data) 
(Section A.2)    j 

11 (6/7/8/9) (SCOPE end of file) 
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APPENDIX II 

DEVELOPMENT OF SIMULATION EQUATIONS 

The motion of the sled in the vertical direction is defined as 
the sum of a set of displacement functions. The first two of these are a 
pure vertical translation (z) and a rotation of the rigid sled about its eg 
(e). The rest of the set is comprised of the normal modes of vibration 
(orthogonal to each other but not to the rigid body functions) of the sled 
restrained against translation at the 'slipper support points. So the verti- 
cal displacement, w, of the sled, at time t and station x along its longitu- 
dinal axis is: 

w (x, t) * z + (x •• x ) 9 + Z cp.(x) q (t) (1) 
eg      .1     x 

The cp.(x) are the normal modes of the sled pinned at the slipper supports 
and q.(t) are their instantaneous amplitudes. 

We will, for the moment, ignore the stiffness of the slippers 
(and the associated nonlinear gap effect) while we derive the equations of 
motion. We start with Lagrange's equation: 

3t \~J + TTX T^"
= ° (2) 

where T, U and W are the kinetic energy, the strain energy and the work. 
The Tji are the independent variables of motion which in this case include 
z, 6, and the q^. 

At this point we must more fully define the structure. In fact, 
since the structure of the sled will be idealized as a finite-element model, 
we convert our symbology to that of lumped parameter systems. 

In matrix notation, Equation (l) becomes: 

|w}.|i.o}z+j^-xcg e.Zj^q, (3) 

The kinetic energy is: 

T -!<*>M {*} (M 

We substitute Equation (3) into (M 

T*!<n>[M] {n} (5) 
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Where we have defined 

We will make some observations about the elements of [M] 

M.,, ■ m, the mass of the sled 

Mpg s I, the pitch inertia of the sled 

M12 - M21 - 0 

ecause we took the rotation about the sled eg. 

Mli - Mu = <i.0> [m]   Wn\      i > 2 

» I m   q£ n = i - 2 
j    J    ° 

Where m< is the lumped mass at the jth node and <p^ is ühe vertical deflec- 
tion at that node in the nth mode. 

M2i = Mi2 = <*"xi  " V">W l^1 i >? 

= Z  (x. - x ) m< «p?       n = i - 2 

M.. . t m^ (<pn)2 i > 2, n = i - 2 

is the generalized mass of the nth mode. 

M^ . o    i ty, i, j >2 

because of the orthogonality of the modes. 

The strain energy 

U -|<»> W |«| (6) 

where [k] is the sled's stiffness matrix. Substituting Equation (3) 

JL5Ö 



U -|<T|>[k] |n| 

Due to the absence of strain energy in the rigid body functions and the 
orthogonality of the modes: 

hi  s *22 " ° 

K±± * <<pn> [k] {<pn}      i>2, n = i-2 

- M,, a)2 

ii   n 

where % is the natural frequency of the nth mode. 

In order to define the work, we must now do business with the 
slipper springs. The work is a product of the force in those springs and 
the displacement of the attached structure. However, the attached structure 
was pinned in all the modes so the springs do work only on the rigid dis- 
placements, z and e. The forward slipper force is: 

FF - -kp 6 (Z + /Fe, § + yr (X + f)) - Dp 

where 6(u, v)  = u - v, u > v 

= o, |u| < v 

= U + V, u < -V 

e is the slipper gap and y is the local rail height. The aft slipper 
force is 

FA = -kA6(z-/Ae, § + yr(x» -DA 

kp and kA are the slipper support sitffhesses and /f and /A are distances 
from the sled eg to the slipper supports. 

En. and DA are the damping forces and act only when the slippers 
are in contact. 

DF - CF (z + 1F § - V y; (X + i)) 

\  - CA (z - /A 8 - V rr  (X)) 

V is the sled downtrack velocity, and y1 (X) is the local slope of the rail 
head. The damping coefficients are calculated as described at the end of 
this appendix. 
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The equations may now be written out by making the appropriate 
substitutions into Equation (2). 

I 0 My hk    ----- 

«33  °  — 
M, ̂  

Symmetric 

9 

qI 

0 0 0 0 — 

0 0 0 — 

2C, ^ 0 - 

Symmetric 

fz 

0 

0 0 0 0- 

0 0 0- 

"33^° • 
Mu^2 

Symmetric 

rz 

Ö 

)qxv 

(«2 

'FF + FA + FS  N 

[*/r - VA 
+ »si 

0 

0 

A few terms have been added which were not yet discussed. Nodal 
damping is included where £ is the proportion of critical damping. 

Fg and Mg are the quasi-steady forces and moments such as lift, 
drag and thrust. The perceptive analyst might take exception to their being 
excluded from the modal equations since they do act over the whole sled body 
and, hence, do work on the modes. The response is: 

•  The modal deflections are small compared to those of the 
rigid body and *o the work done on them by the quasi-steady 
loads will be as well. 

lUO 
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• The quasi-steady loads are very low frequency (generally 
zero) and so are matched to the rigid body mot* n which is 
either low or zero frequency depending on whether or not 
the slippers are in contact, 

• The output of the program is inertial load vectors' 

(»j ♦ -H (ji.o| t* jXj i.xccj v ♦ {*} •,;) 
which are unaffected by the quasi-steady forces except 
indirectly. 

Damping Coefficients 

Damping for the two rigid body degrees-of-freedom is not easily 
expressed. The critical damping ratio cannot be used because pitch and 
bounce are coupled and because of the nonlinear gap effect, A fairly simple 
approach was adopted. Since subsequent SLEDYNE results proved to be rela- 
tively insensitive to variation in damping and since they correlated with 
track data, the method was assumed to be adequate. 

The derivation proceeds as follows. The objective is to compute 
damping coefficients associated with flexing of the stepper beam springs. 
The damping coefficient at each slipper for bounce is 

£(nz J(KA + yn) 
The dumping coefficient at each slipper for pitch is 

C. 
-ft. J—5:(»:a Wi? ♦«,«!>) P  * (I* ♦ I»)  * (ij ♦ «*) X    "8 "        A A   ' F 

Now it is assumed that damping is not equal at each slipper but is propor- 
tional to the beam stiffness so, for a forward slipper 

2kF 
C„ * (C_ + Cv) —~ ~ 

and for an aft slipper 

'F     '-p     -b' k. + k. 

2kA 

Ikl 



Best correlation with track data va* found for 
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APPENDIX III 

BASIS OF SLED IMPACT PARAMETER 

The Sled IMpact Parameter (SIMP) has ics origin in the idealiza- 
tion of a sled as a rigid body with simple springs representing the slipper 
beams. Without any strong basis, a postulation was made that peak slipper 
beam forces relate to the maximum soring force in the model shown in Figure 
1 of this appendix. The test data established that there is indeed a rea- 
sonably strong correlation. 

The equations of motion of the two-degree-of-freedom model of 
Figure 1, with the spring in contact, are: 

m*Z + kZ+ 1 k 9 - 0 

I9 + kI2e+IkZ«0 

The initial conditions are: 

Z (0) * -v 

z (o) « e (o) . e (o) « o 

A variety of methods will yield a solution to this initial value 
problem. The two natural frequencies are: 

Ml2! 
2 

a) ■ 0, 
(-¥) 

M 

The associated mode shapes, In terms of Z and e, are 

1.0)      (1.0) 

i)        (i 

The first is simply a rotation of the rigid body with no deflection of the 
spring, hence, the zero frequency. The second mode involves bouncing of the 
rigid body on the spring. 

The solution to the stated rvoblem, expressed in terms of the 
spring force, is: 

*   sin u) t '•"£? 

1*5 
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where 

ü) JÖ> 
The maximum force is: 

k M 

1 + 
Ml2 

With relation of 

SIMP 
k M 

1 + 
Ml2 

v beccmes a design parameter, i.e., the effective impact velocity which was 
determined by plotting maximum slipper beam force against SIMP. (See Figure 
6.5.) 

M, I $ I 
nimmiiiininnnniiiiniiiini 

Figure 1* Model for SIMP Analysis 
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AFPEHDIX IV 

SIMPLIFIED FITCH-BOUNCE RESPONSE SPECTRA MODEL FOR DUAL RAIL SLEDS 

As mentioned in Section 3.1, observations of dual rail sled test 
data and analytical SLEDYNE results showed that their dynamic response be- 
havior was not affected by the slipper-rail gap. Ulis provided incentive 
for exploring response spectra techniques, based on the following considera- 
tions: 

• The sled-rail system could be adequately analyzed using a 
linear model, with base excitations completely described by 
the rail profile and the sled forward velocity. 

• Response spectra (maximum response of a single-degree-of- 
freedom model) could then be generated using simulated 
flights with a simple single-degree-of-freedom model. 

• Use of these spectra to predict sled dynamic response (max- 
imum response of each normal mod*?) would minimize the analy- 
sis required since the major analysis task would reduce to a 
modal analysis, i.e., determination of natural modes and 
frequencies. 

Since rail roughness produces translational (bounce) and rota- 
tional (pitch) excitation of the sled, the initial response spectra approach 
treated these inputs separately. However, a preliminary evaluation indi- 
cated the results would be too conservative due to loss of information on 
phasing between the translational and rotational responses. The present 
method reduces this conservatism by properly treating the translational and 
rotational phasing, although information on phasing between modes is still 
lost. 

The following assumptions are made: 

• Motions are limited to a plane. 

• Small-displacement linear elastic theory applies. 

• The effect of slipper gap can be neglected. 

• Response for each mode can be determined in terms of 
8ingle-degree-of-freedom response spectra. 

• Maximum response can be approximated by a root-sum-square 
contoination of modes. 

The sled-rail model is shown in Figure 1. Rail roughness induces 
translational (y) and rotational (e) motion into a rigid base. This motion 
is completely prescribed as a result of the rail profile and the sled veloc- 
ity. It will be shown that the maximum response of the nth normal mode of 
the sled to the pitch-bounce input can be determined from the maximum 

1*5 
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relative displacement response I^Jngx of a single-degree-of-freedom model, 
subjected to an appropriate translational base input motion, Mn (Figure lb). 

Equations of Motion * 

The equations of motion for the finite-element sled model, shown 
in Figure 2,  may be written 

where {zl = the absolute vertical displacement vector 

jxl = |zl - TTJ |V| ä the relative vertical displacement vector 

ft] = the mas8 matrir 

[k] = the stiffness matrix 

w i/. 

»•  n«* 

a transformation matrix 

{V}"{&}" the input acceleration vector 

Expanding |x) in terms of the normal modes [cpj ai.J the modal 
coordinates |fi|, 

H-WH (2) 

Substituting this expression into Eguation (1), end premultiplying by the 
transpose of the nth modal vector, |(p(o)| , Equation (1) becomes 

(»)1 

V2Ch"n*n t^t,-nHMW 
«n 

•Si \ 

-rny-«n'e' 

■-rn^i (3) 
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where     rr ■ the nodal coordinate for the nth mode 

m 

M   * \qrV' \   [ml {cfrn^|  - the generalized mass 

{,wf [.] 
p s   M     ~ tne nth m0iial participation factor for 

\ translation (bounce) 

Wn)\ HIM ■^ A ■     M u '    » the nth modal participation factor for 
n      \ rotation (pitch) 

li"y + Ä-Uaan equivalent base translational 
n   acceleration for the nth mode. (k) 

Now examine the equation of motion of the single-degree-of- 
freedom nodel of Figure 3*22, 

*n + 2^n % *n + "S x " \ <« 

and compare it with Equation (3). The equations are identical except for 
the multiplier rn on the right of Equation (3)» Thus, because of linear- 
ity, the maximum response of the nth mode is equal to tn times the maximum 
response |xnlmax of the single-degree-of-freedom model, subjected to the 
base input ^ of Equation (U), !•«•> 

KLx * lrnl M« w 
also, the maximum contribution |F |        to a particular sled load F, from 
the nth node is n 

lFnl»ax ' lFnl  Wmax ' lFnl lrJ Nmax ») 

where Fn is the corresponding modal force.    The total maximum load can be 
estimate* from a root-sum-square combination of modal contributions! i.e., 

I'L, - <S #1/2 w 
Response Spectra 

A set of response spectra can be generated using the model of 
Figure 2b with Equation (*•), and the simulated Holloman track rail (see 
Section 3.1.2), as a function of sled velocity, frequency, damping, slipper 
spacing L, and the ratio 8n/TQ. 

J 



The translational and rotational inputs y and 9 are related to 
the rail profile by (see Figure 3) 

y = yl + L (y2  " yl^ (9) 

e - (y2 - yx)A (10) 

where a/L locates the center of rotation of the base. The solution is 
independent of the location of the center of rotation of the base. This 
can be demonstrated as follows: 

Expand the right side of Equation (3) in terms of r and 9 , 
expressed as n 

.<»> * 

n-~-M; \^^       i (11) 

»)T 

Kl   Ml'}  l   fn) 

with y and 9 from Equations (9) and (10). The result is 

+ 4[wfVi-*>] [(y2-yx)A] 

- tonf0«^) I (y2 - yx) 

= r [fap{n)»1)yx 
+ c*i[n)Vi> (y

2 ■ V/L J (15) 

which is, indeed, independent of a/L, 

To calculate the response spectra, it is convenient to rewrite 
Equation (h)  as 

150 
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Figure 3.  Model for Computing Base Inputs 
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%-rp. n (15) 

The quantity 0^ is an input parameter to the response spectra which includes 
the ratio of the participation factors and the slipper spacing. The rota- 
tional input (L/2) "9' now has the same dimensions and approximate magnitude as 
y. Taking the base center of rotation as the midpoint between slippers, 
Equation (1*0 may be written, 

H, = |(Vi+ y2>+ f ^ - V (16) 

The response spectra can now be generated as a function of sled velocity, 
frequency, damping, a , and L. 

Application to the Single Mod Sled 

The foregoing procedure was applied to the single mod sled. 
Forward and aft slipper forces were computed for a sled velocity of 1760 
fps. Five modes were used in the analysis. Damping was taken as three per- 
cent critical. The pertinent parameters used in the calculations are 
summarized in Table IX. Results are compared with predictions using the 
SLEDYME program, as follows: 

Response SLEDYNE 
Spectra Program Deviation 

Forward Slipper Force (lb)     10,618 6,884       5*% 
Aft Slipper Force (lb)        11,138 10,1+27        H 

The response spectra approach appears to give conservative 
results, which is generally the case for response spectra solutions. How- 
ever, the response spectra used in the calculations were determined from one 
1,232-foot flight simulation. It was subsequently observed that such pre- 
dictions using the simulated random rail display considerable variation, 
which result from different rail simulations. Thus, additional runs should 
be made in order to provide a valid assessment of the accuracy of the re- 
sponse spectra approach. 

Conclusion 

The simplified pitch-bounce response spectra model for dual rail 
sleds appears to be one possible method for predicting dual rail sled behav- 
ior. However, work on this method was discontinued in favor of doing more 
work on the SLEDYNE program to make it easier to use for design analysis 
purposes. 

152 

_   >i  SJt »- +**m  — 

7 



H 
M < 

s 6 
H CO 

CO 1 i 1 1 1 
, 

1 1 i s $ 
s t 1 i 1 1 1 1 1 1 i VO H 

i | i 1 1 1 1 1 I i •\ «\     . 
o 
rH a 

ON 
VO ON on CVJ 
en IS m *^" 

H 8 ON CO m H o 
IA CVJ CO -3- t- o H o • • • • • • • e 

2? IA ON O CVJ o H o o o -* s ON on on H 1 1 CVJ 
H O i H --* 

& « 
H 

1 
CVJ 8t 

CVJ 

■=f ON 8 e. VO 
& s 8 

i • • • • • • t 

IA 
CVJ 

ON 

8 8 O m 
i 1 

o 
1 

o 
1 

o o 8 & 
H H H H 

0) 

r-l 1 

f>- 3 d 
s IfN IA 8 

on 
J>- o 

» on CVJ J- 
CVJ vo 

H 5 58 IA o 8 • • • • • • • • • 
4> vo 

IA 
IA 
CVJ 
IA 
H 

m 
no 
IA 

o IN H O o o o 
on 

ON 
QO 
CM 

vo VO ^t 1 
CVJ VO H £ CO s IA 

-3" 
on 8 H • • • • • • • • • 

CVJ 
on 

CVJ 
1 

on 
i 

VO 
i 

IA 3 o 
1 

H o IA 
0> 

81 J>- 

-* on 
IA on 

CVJ 

CVJ 

IA tr 0 
1 

H CM 
IA 
H ft H 

-3" 
H 8 & • • • • • • • • 

O H d CVJ vo O o r-l o o -* O 
CVJ 

vo 
8. c H 1 81 

-3" i 
a a 4> •   g 

y-v «"«•■» 

. ö ,o 1 <s* \ 3     jg ,0 fit 
<M _ H A X> ,o S"""™ *""** H H •d ^ 

s « 
S i-l H if 5 V_X •<w 

a 
*■"> 

P "l> O *o 
\w-* 

ti g 
C 3* H H H H X 5 Js 
4) -<w xw s««* «w e> 3 9 i II ■-  s £ £ rW   Q n •Ö *> 

ßS si 3K 
< V <f> ^c 

r » ß 
CO PS w 

2 if if 

153 

?tti 


